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Post-MS evolution

Stellar evolution influences the planetary system.

Expansion of the star, mass loss, tides —

all modifies planetary orbits.

Planets are observed around red giants,
in evolved binary systems,

and even around white dwarfs and neutron stars.
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Physical effects and processes: Giant stars

@ giant branch (GB) phases

mass ejecta orbital changes
section 4
mass ejecta physical changes
section 4
star—planet tides
section 3
stellar radiation
section 6
general relativity
section 12a
magnetic fields
section 12b
galactic tides
section 12¢
stellar flybys
section 12¢
distance in AU — 103 102
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Physical effects and processes: WDs and NSs

®- white dwarf (WD) and # neutron star (NS) phases

mass ejecta orbital changes
section 4
mass ejecta physical changes
section 4
star—planet tides
section 3
stellar radiation
section 6
general relativity
section 12a
magnetic fields
section 12b
galactic tides
section 12¢
stellar flybys
section 12¢

distance in AU — 107 102 107!

Veras (2016)



Specific post-MS systems

name type Some peculiar (at first glance) systems
BD—+-48 740° GB star with possible pollution can shed light on important issues of
| stellar and planetary evolution.

WD with pollution

Veras (2016)



Iben (1991)

Stellar evolution
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Stars and white dwarfs

Mg 1P1""'.II.'E.':'
/

/ AT
Rfm"h D)

/ /
o

WD) AMMS) A f(MS) 2 MMS) 2 (MS)
* = min | 0.572 — 0.046 —= —|—D.{]288( ﬂ:} ) ,1.153 — 0.242— —|—{].{J4E}EJ( 1{}

/R ~ 1072 /M)~

N WD)\ —1/3
RWD) WD) ) |

~0.0127 [ =
( Mg,

' ( z. ) 0.4 (-[} - ool -)_1.15.
0.6Mg ) \ . Myr

Blocker (1995) Veras (2016)



Thermal evolution of WDs

The code by Blinnikov and Dunina-Barkovskaya (1994).

e — our code
.., Bergeron

Bergeron
our code

Bergeron™

Popov et al. (2018)



Stellar mass vs. white dwarf mass

PARSEC-Based IFMR™
M; = (0.0873 4 0.0190) x M; + (0.476 + 0.033)M,, (1)
(0.87 My < M; < 2.80 M)

M; = (0.181 £ 0.041) x M; + (0.210 £ 0.131)My,  (2)
(2.80 Mg < M; < 3.65 Mg)
M; = (0.0835 + 0.0144) x M; + (0.565 + 0.073)Mg, (3)
(3.65 My < M; < 8.20 M)
MIST-Based IFMR

M; = (0.080 + 0.016) x M; + (0.489 4 0.030)M,,
(4)
(0.83 Mg < M; < 2.85 M)

Mg = (0.187 +0.061) x M; + (0.184 + 0.199)M,

(5)
(2.85 My, < M; < 3.60 M,,)

M; = (0.107 £ 0.016) x M; + (0.471 + 0.077)M,,

(6)
(3.60 Mg < M; < 7.20 M)

1809.01673
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Mass loss after the Main sequence

Mass loss at the red giant branch (modified Reimers formula)

114 (RGB) T (RGB)\ /p(RGB)\ /,(RGB)\ !
dM, " _g & 10~ 4Mg yr! L, Ry M,
dt o L:Z_E_::- Rn:‘f_‘_u f"'"IE_‘_u

Mg =4-10"Bpr=—

RGB and AGB for P<100 days

\ 7/2

log(Py/d) = —1.92 — 0.73log M + 1.86 log R.

' (RGB) ' (RGB)\ ~!
« L 14+23%x10°%(38* )

AGB for P > 100 days

Mass loss after the RGB is uncertain. _ o oae—31 727
It is not constant due to pulsation. Mgy =4.83- 107" Mzys - L™ - Mg (Mg /yr]

At the tip of the AGB Mdot can reach At the AGB M,,\s can be modified to M rrent
0.0001 solar mass per year.

Blocker (1995)



Vlass loss
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Orbital evolution with mass loss

CENECIRG I VIEN d>r  G(M, + Msp) . d*r ~ G(M,(t=0) + Msp(t=0)) _ 1 d(M.(t) + Msg(1)) ,

= = - 7y
d2 r3 ' ds? = 2(M, () + Msg(t)) dt
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v ( sin f ) M, + Msp V1 —e2sinE j| M, + Msg

J M, + Msp e(1—ecosE) | M, + Msg
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1107.1239, 1202.3139

BblbpOC nnaHeT 3Be34amMu

EVOLUTION OF STARS YT0 NMPONUCXOAUT C NJIaHETAMU
KOr[a 3Be34a TepsieT Mmaccy?
Ema
- _,@}_, 4 @ | p Y 3Be3a Tuna ConHua nnaHeTbl Ha opbuTtax, kak B CC,
e 7 pag - A OCTaHYTCS B CMCTEMe, HO opbuTbl byayT Wwupe.
[MoaTOMYy M HabnAaT NNaHeTbl Y 6enblX KapnKoB
e [lanekne nnaHeTbl MOryT «yNeTaTb»

(AU) 100

Stellar Cloud
with
Protostars

IMAGES NOT TO SCALE

-150 —100
(AL)

NHTepecHble NoTepU NNaHET MOryT
NpouCcXoanTb B ABOMHbIX cucteMax!




Numerical results

1303.3841



Numerical results

log A\ = c13 + co 8

1303.3841



Adiabatic regime: simple solution

M, 1

M,n 2m
3 )

A
[ &

n=GV2(M, + Mgg)/2a~

Adiabatic regime — easy to analyze.
Eccentricity is constant and so:

ey da/dt = —(M, + Msp )y~ L(dM, /d¢)

Most of planet are in these regime (a<100 AU).

Veras (2016)



Gas drag in the wind and atmosphere

Small bodies can be destroyed by the wind
or in atmosphere.
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da p hﬁﬂw} ﬂ-'iqB , f'l.-"IqB \ /R, 8 (7 | 441
— = — |1 — —) 2p; -?"‘(—w — 10p; - )
dt Ocony M. M, ( H M, ) ( a, |: P2+ 8} 1 P2 + 3 P3 ‘. ]

E B 3& f COnv f'I,I* 1'“||-"'I*

de e M Msg /. Msg) (R\P[5 147
SB (1 4 25 ) —) 2 p1 — 20, sl
( ML ( a [4*’1 P2+ “~]

a 9 1 47243
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Actually, many different approaches
to calculate tidal effects are used.

Veras (2016)



http://www.nature.com/nature/journal/v460/n7259/fig_tab/nature08245_F2.html
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[1naHeTbl 1 3Be34b! (@ TakXXe NaHeThI
ApYyr C ApYroM) MOryT akKTUBHO
B3aMMO/JIENCTBOBATb 3@ CYET NPUINBOB.
27O byaeT NpuUBOANTbL K M3MEHEHMIO
OpbuTbl U CKOPOCTN COBCTBEHHOrO
BpaLleHus.

[pn opbutansHOM Nepuoae
KOpo4Ye HEeCKONbKMX AHEN
(opbuTta MeHee 0.02 a.e.)
HEBO3MOXXHO paBHOBECKE,

n opbuTta NnaHeThbl

MNOCTOSIHHO COKPaLLAeTCs,
Nnoka nnaHeTa He byger
paspyLllieHa u/unm nornoLueHa.



[TpeBpalleHme 3Be34bl B KPACHbIN TMIaHT

3Be34Hada 3BOMIOLUNSA OTPaXKaeTCH
Ha NaHeTax.

[Mpn npeBpalleHnn 3Be3abl B
KPacCHOro rmraHTa 4acCTtb NJlaHeT
OKa3bIBaeTCs MOrioweHHbIMU.

The Sun as a main-sequence star
(diameter = 0.01 AU)

https://www.e-education.psu.edu/astro801/content/I6_p2.html



Tidal engulfment: RGB star

survived

engulfed

4.57 4.58 4.59 4.60

time in Gyr

Veras (2016)

1.5 solar mass at the Main sequence.

Jupiter mass planet.



Tidal engulfment: AGB star

Jupiter-mass planets

l
LLLLLLTT
— :

J

02 04 06 08 1.0
time since start of AGB in Myr

Veras (2016)

Earth-mass planets

02 04 06 08 10
time since start of AGB in Myr

2 solar mass
at the MS.



Planets around red giants

>100 planets

Planet mass - 3 bases
Planat mass - 2 bases
1 base - Planet mass
Planet mass - all bases

® Planet mass - 3 bases
4 Planet mass - 2 bases
v 1 base - Planet mass

= Planet mass - all bases
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http://www.astronet.ru/db/msg/1391325 | Y ienaibotobitand

See also https://www.lsw.uni-heidelberg.de/users/sreffert/giantplanets/giantplanets.php



[ThaHeTbl BOKpYr 3B€34-TMraHToB

A3BECTHO HECKONBLKO AECATKOB TaKUX MNI1aHeT.
OHM 0CODEHHO NHTEPECHBLI B CBA3M
C NOHMMaHMeM cyabbbl NNTAHETHbLIX CUCTEM

Ha NO34HUNX CTaanAax 3BOJTHOLNN 3BE3M.
Kennep-91

[MnaHeTa Kennep-91Db,
BO-NEpPBbIX, ABNAETCH

camon Onmn3Kom K 3eesge
cpeau NnaHeT y rmraHToB
(<1.5 pagwnyca 3Be3abl

Hag NMOBEPXHOCTLID).

3Be3aa 3akpbiBaeT 10% Hebal
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Bo-BTOpbLIX, Yepe3 <55 MIH net
nfiaHeTa ynaget Ha 3Be3qy.

1312.3943



CTaTUCTWKA NAaHeT BORPYI TUTAHTOB

Bce HagexHble nnaHeTbl BOKPYr
MraHToOB BpaLLaloTCs HE CIIULLKOM
OnNM3Ko K camon 3Be3ae.

[ ]
‘.P.
Se .

KoHueHTpauns nnaHeT
Ha opbuTtax 0.5-0.9 a.e.
MOXET ObITb CBsi3aHa C
NPUIIMBHLIMU 3dopeKkTamu.
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[1TnaHeTbl MacCuBHbI, U aBTOpPbI
BblABUIMAKOT rmroTesy, 4To Macca
naHeT Morria pacTtu 3a CHET
BelLleCTBa 3BE3bl.

S

OpbuTkl 6onee Kpyrnble —
semi-major axis (AU) 3a cYeT B3anMOOEeNCTBUS.
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Planet consumption by evolved stars

Spin-orbit angle = 0°

e Bursts and ejections
* Spin up
* Chemical enrichment

EE YV VYV VYV VWV
In the plot stellar spin up is shown 25
?g 10
for three planet masses: VS TEEed o
. . . A initial spin ~ _Iyr‘l
1 Mjup, 5 Mjup, 10 Mjup. A e BT | (P, 10 y1)

The black lines mark

the minimum spin periods
possible before a star
would begin to either lose
surface material or

be significantly inflated
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CAnaHmAa 3Be3a U naaHeT

Pa3 B HeckosbKOo NneT B [[anakTuke. EUV / X-Ray Emission (Stellar Surface) Optical Emission
l ': (Outflow Recombination)
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Planet disruption

A dense planet that skipped the Roche lobe overflow
is typically destroyed due to a global instability.

Base of Convective Zone
[ron
Silicate
Solid: 4.6 Gyr
Dashed: 3.8 Myr

80

1808.00467



Stellar radiation

d?r  G(M, + Msg) AsgL,
n — ————F —
dt4 r3 4 Mgger= L\

(spin) |
KsPgg

7 pspCsp

X | Qabsl + Orefl + { H | Rs — W(Qabs — Qref)Y

* Robertson-Poynting drag
* Radiation pressure
* Yarkovsky effect

Giant formation by itself influences
small bodies, as the iceline is
significantly shifted outwards.

Veras (2016)



IPPEKT APKOBCKOIO

Prograde Retrograde

¥ Radiation Dawn

Dawn ’ Dusk
Sun
Uy

Radiation

[1pn TakoM BpalleHnu

ropsiyasi Yyactb byaer
Pa3roHsiTb O6BLEKT.

T.e., opbuta byaet
PacKpyumnBaoLLENCS CrIMpPanblo.

[py 06paTHOM BpalLeHnu
Teno 6yaet TOpMO3UTbLCS
N NpnbnNmMXKaTbCs K 3Be3/e.



Yarkovsky effect: how important

de|(arkovsiy) ( 1 AsgL. ) 0.08 ( M, ) 2 ( pSB ) -
- =l =] 3
dt ¢ 8tMggna>) Myr \ 1Mg, 2gem™?,

(" Rsp ) - ( a ) —3/2 ( L, )
X Lo
Tkm, S5 AU 103L,, |

de\(PR+P) 71 54, 3
- — e, —
dt 2 87 Mgga?

N1 p N2/ L, =
1Y ) (5 ;';.U ) ( 103 Lo ) .

But note, that Yarkovsky effect is not working for small bodies!

Veras (2016)
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Yarkovsky effect measurements
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Average drift and a fitting formula for it
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YORP effect

1 ;o |
~ 27pepR2. (w—— ('1“]* kgms™
27 pspRép a1 —e ) \

=748 x 1074 rad (—

See 1409.4412
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Spin evolution during giant branch phases
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Spin evolution during giant branch phases
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Interaction of asteroids
experiencing Yarkovsky effect
with planets during the
asymptotic giant stage

can result in complications of
the orbital behavior.

See 1902.02795.




Instability after a WD formation

Four terrestrial mass planets.

The systems becomes unstable
few Gyrs after a WD formation.

-

Rrﬂgg About dynamics of small bodies
' around WDs see 1908.04612.
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PaspyLueHne naaHeTbl 6e1bIM KapanKom

Yaanocb npoHabnoaaTe TPaH3UThI
ra3onblieBbiX 061aKOB.

KpoMe Toro, BuaHbl aHOManmu

B cnekTpe 6enoro Kapnuka.

—
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Solid-body transit

—
o

o
o

Hanbonee BeposiTHO,
YTO 6bISTI0 pa30pBaHO TENO
NIaHETHON MACChI.
X0TS, MOXET ObITb,
N HECKOJIbKO TEN TUna
KPYMHbIX aCTEPOU/OB.
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See a review on this source in arXiv: 1804.01997 o ———
Leading Tail

Trailing Tail

White Dwarf

1510.06387


https://arxiv.org/abs/1804.01997

“Activity” of WD 1145+017

Origin of dust:

® 2016/2017 Season

@ Gary et al, 2016

= Rappaport et al, 2016 - sublimation of
10.0 | @ Croll et al, 2015 . - small bodies;
® Vanderburg et al, 2015 _ dUSt prOdUCtion
. H:I . . .
in collisions;
- asymmetry of a
dust ring.

(The last one is
less probable.)
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WD pollution and sinking of the accreted matter

To support significant amount of heavy elements in a WD atmosphere
it is necessarily to accrete matter continuously.
The amount of accreted matter can be estimated from spectral data.
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How much did these WDs accreted ?

Solar system SB mass (grams) Accretion integrated over ~ Myr period
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Farihi et al. (2010) Girven et al. (2012)

binned by Solar system SBs

no. white dwarfs
with SB mass in convection zone
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. . o
Ca line. Assumed that calcium represents 1.6% of matter. binned by Solar system SBs
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Evolution of accretion rate

Accretion rate decreases with time.
Characteristic time scale of the decay
is ~1 Gyr.

1801.07714



A planet around a WD

WD J0914+1914
WD 1425+540

“ GALEX1913+0117
Chemical composition of the disc « PGDB43+516

. ) ] « SDSS1228+1040
is compatible with deep layers
of an atmosphere of a Neptune-like planet.

Matter can be provided by
an evaporating planet at 15 solar radii orbit.

e WD J09144+1914 phot
* WD J0214+1914 disc
O Silicate Earth

---Cl Chaondrite
—-5un

Accretion rate ~10° g/s compatible with
expected rate of photoevaporation.
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Other planets might exist in the system.

In near future many planets around WDs can be found with LSST (see 1809.10900 and 1810.00776)

1912.01611



Planets around neutron stars

How to form:

See a detailed discussion about planet formation

* Survived planet around NSs in Martin et al. (2016) arXiv: 1609.064009.
Fall-back disc

Evaporation of a companion NS)T 1 (1—
Tidal disruption of a companion 2

MM Mg [ MMS) _ A NS)\ /1 4 o(MS) g £(MS)’
(NS) = = | [T\ s I e ) |
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In catalogues

Planet Mass Radius Period a i Ang. dist. Discovery Update
(Myp) (Raup) (day) (AU) (arcsec)
PSR B0943+10 ¢ — 1460 2.9 — 2014  2017-10-26 EXOp|a net.eu
PSR B0943+10 b — 730 1.8 — 2014 2017-10-26
PSR B0329+54 b — 10139.34 10.26 .23¢ — 2017 2017-10-25
PSR 0636 b 0.067 — 2016 2016-10-28 vS.
PSR B1957+20 b 22 0.38 = 1988 2016-07-23
PSR J1807-2459 A b 9.4 0.07 — 2000 2015-10-29 Exoplanets_org

PSR J2241-5236 b 12 0.1456722395 — 0 — 2011 2015-10-26
PSR J2051-0827 b 28.3 0.099110266 — 0 — 1996 2015-10-26
PSR 1257 12 d 0.012 98.2114 0.46  0.0252 0.00092 1992 2014-02-25
PSR 1257 12 ¢ 0.013 66.5419 0.36 0.0186 3 0.00072 1992 2014-02-25
PSR 1257 12 b 0.00007 25.262 0.19 0.00038 1992 2014-02-25
PSR B1620-26 b 2.5 36525 23 0.006053 2003 2013-07-11
PSR 1719-14 b 1 0.4 0.090706293 0.0044 .06 — 2011 2012-07-24

>

Msin(i) Semi-Major Orbital (0] Time of Veloci Orbit Reference First Reference
Axis Period Eccentricity Periastron Semiamplitude

mjupiter + au + day = == deg + jd = m/fs +
PSR B1257+12 B 0.3214 66.54190 0.01860 250.40 2449768.10 Konacki 2003 Wolszczan 1992

PSR B1257+12 C 0.4166 98.21140 0.02520 108.30 2449766.50 Konacki 2003 Wolszczan 1994
PSR B1257+12 A 0.1685 25.2620 0 a0 2449765.10 Konacki 2003 Wolszczan 1992




Ha3sBaHue Macca, M, Nepunoa, oHU noayocsb, e.a. fon,
PSR 1257 +12 b 7e-05 25.262 0.19 1992
PSR 1257 +12 c 0.013 66.5419 0.36 1992
PSR 1257 +12d 0.012 98.2114 0.46 1992
PSR 1719-14 b 1.0 0.090706293 0.0044 2011
PSR B0329+54 b 0.0062 10139.34 10.26 2017
PSR B0943+10 b 2.8 730.0 1.8 2014
PSR B0943+10 c 2.6 1460.0 2.9 2014
PSR B1620-26 (AB) b 2.5 36525.0 23.0 2003
PSR B1957+20 b 22.0 0.38 = 1988
PSR 0636 b 8.0 0.067 — 2016
PSR J1807-2459 A b 9.4 0.07 = 2000
PSR J2051-0827 b 28.3 0.099110266 — 1996
PSR J2241-5236 b 12.0 0.1456722395 — 2011
PSR J2322-2650 b ~1 0.32 = 2017



http://exoplanet.eu/catalog/psr_1257_12_b/
http://exoplanet.eu/catalog/psr_1257_12_c/
http://exoplanet.eu/catalog/psr_1257_12_d/
http://exoplanet.eu/catalog/psr_1719-14_b/
http://exoplanet.eu/catalog/psr_b0329+54_b/
http://exoplanet.eu/catalog/psr_b0943+10_b/
http://exoplanet.eu/catalog/psr_b0943+10_c/
http://exoplanet.eu/catalog/psr_b1620-26_(ab)_b/
http://exoplanet.eu/catalog/psr_b1957+20_b/
http://exoplanet.eu/catalog/psr_0636_b/
http://exoplanet.eu/catalog/psr_j1807-2459_a_b/
http://exoplanet.eu/catalog/psr_j2051-0827_b/
http://exoplanet.eu/catalog/psr_j2241-5236_b/

Ha3BaHue

PSR1257+12 b

PSR 1257 +12 c

PSR 1257 +12 d

PSR 1719-14 b

PSR B0329+54 b

PSR B0943+10 b

PSR B0943+10 c

PSR B1620-26 (AB) b

PSR B1957+20 b

PSR 0636 b

PSR J1807-2459 A b

PSR J2051-0827 b

PSR J2241-5236 b

PSR J2322-2650

mPSR
mPSR

mPSR

mPSR, destroyed WD?,
evaporated?

Doubtful, Pushchino

Doubtful, Pushchino

Globular cluster,
triple system with a WD

mPSR, evaporation
mPSR, black widow
mPSR, GC

mPSR, evaporating

mPSR

mPSR, black widow?

Macca, M,

7e-05
0.013

0.012
1.0
0.0062
2.8

2.6

2.5

fo4, OTKpbITHA

1992
1992

1992
2011 arXiv: 1108.5201
2017 arXiv:1710.01153
2014
2014
2003

1988
2016 arXiv: 1602.00655

2000 astro-ph/0010243
1996

2011 arXiv: 1102.0648

2017 arXiv: 1712.04445


http://exoplanet.eu/catalog/psr_1257_12_b/
http://exoplanet.eu/catalog/psr_1257_12_c/
http://exoplanet.eu/catalog/psr_1257_12_d/
http://exoplanet.eu/catalog/psr_1719-14_b/
http://exoplanet.eu/catalog/psr_b0329+54_b/
http://exoplanet.eu/catalog/psr_b0943+10_b/
http://exoplanet.eu/catalog/psr_b0943+10_c/
http://exoplanet.eu/catalog/psr_b1620-26_(ab)_b/
http://exoplanet.eu/catalog/psr_b1957+20_b/
http://exoplanet.eu/catalog/psr_0636_b/
http://exoplanet.eu/catalog/psr_j1807-2459_a_b/
http://exoplanet.eu/catalog/psr_j2051-0827_b/
http://exoplanet.eu/catalog/psr_j2241-5236_b/

KOMMNaHbOHbI PAaAMONY/1bCaPOB: ODObIYHbIE
3Be3/1bl, HEUTPOHHbIE 3BE34bl, MNAHETbI,
OCTAaTKM Yero-To 1 benble KapanKku

KpacHble — 3Be34pl,

3eneHble — H3,

dunonetToBble — benble KapanKu

(CO u NeOMg),

Kentble — rennesble bK,

CUHUNE — NNAHETHI,

YepHble — MA/IOMACCUBHbIE
Tena, BUANMO,
ABnAoLWmMecs
OCTaTKaMu
paspyweHuna
KOMMaHbOHOB,

o Tt \ [ a ||
Mytaner sin(i) = 0.90( )( ) M,

KCHEXXUHKU» — NNaHeTbl
ConHe4yHoM
CUCTEeMbl.

1 AU,

Ana HopmanbHbIX T,=1 ms,
ANA MUNAUCEKYHAHbIX — 1 ps.

.1 ms,

1609.06409



[ lepBble N1aHeTbl BOKPYT NMy/1bCapa

Companion Semimajor axis Orbital period
pa Mass J pe il e He ucknto4eHo, To 3TOT ny/sbcap

(in order from star) (AU) (days) MOJIOZIOM, @ HEe PAaCKPYyYEHHbIN!
A (b /Draugr) | 0020+ 0002 Mg 019 25262 + 0.003 00 ~50° 970 BaXKHO A4/14 BbIGOPa MeXaHM3Ma

B (c / Poltergeist) | 4.3+ 02 M, 0.36 66.5419 + 0.0001 | 0.0186 + 0.0002 53° $GOpPMMpPOBaHNMA NNaHeT
C (d/Phobetor) = 39+02 M, 0.46 98.2114 + 0.0002 | 0.0252 + 0.0002 47°

5 T g . f 1§ e

Wolszczan & Frail (1992)

[Mpeue3noHHble N3MepeHNe BPEMEHN NPMUXoaa MMMNY/IbCOB Ny/abcapa
NO3BOJIN/IN BbIABUTb HEOAHOPOAHOCTU, CBA3aHHbIE C NPUCYTCTBMEM TPEX
NIerkux nJaHeT B 3TOU CUcTeme.

Pulsar period — 6,218,530 (ns

\j

)
I

s

Op6uTbl NNaHET NeXKaT NPUMEPHO B OAHOM MJIOCKOCTW. i N ]
T o006 19908 1801 10012 19014 19916 19918

Epoch (yr)




BoKpyr nynscapa

PSR B1620-26
CTapbl MUNAUCEKYHAHbIN NyAbcap ® White dwarf LLlapoBoe ckonnexHne M4
c nepnogom 0.011 mcex. E‘{E%_ZG / ) o W G T e

Mynbcap (HEMTPOHHas 3Be3aa)

B Nape ¢ 6ebIM Kap/IMKOM.

Bokpyr 3Ton napbl KpyTUTCS

naaHeTa ¢ Maccou 2.5 maccol OnuTepa.

MpegnonaraeTcs, YTO NiaHeTa CO 3BE340M
6blnIM 3axBa4yeHbl HENTPOHHOW 3BE30M

B IBOVIHON cucTeMe. NapTHep HEMTPOHHOM R P
3Be37b! Obl/T BbILUBLIPHYT. il b g e
3aTeM oCTaBlLasACs 3Be3Aa NpeBpaTuiach S R L S R e G

B 6enoro kapnvka, n cdopmmpoBanach

Habnogaemas cemyac cucrema.

o 50 A b 2 - o sl 0
w0 5 : . . ’ .




Jovian planet in Globular Cluster M4: Calm bystander in stellar drama

Jovian planet forms % 7] Star passes through M4's | Slowly spinning neutron
around Sun-like star core and is drawn toward | star captures star and

in outskirts of M4 B R T a neutron star and its planet; its original partner
13 billion years ago. e companion. is ejected into space.

Jovian planet
(2.5 Jupiter

masses) ' > : s
—{  Planet system |-
L travels to core of
Globular Cluster M4

Sun-like star swells to a Neutron star "spins up," Jovian planet continues to orbit, relatively
red giant, spilling matter | becoming a pulsar that undisturbed, around new binary system.
onto neutron star. spins 100 times a second

(PSR B1620-26). Red giant
becomes a helium white

: dwarf.
PulgsF l{ White dwarf
B1620-26
Material from J A/
red giant
neutron star. /




VexaHn3ambl POPMMPOBAHNA

* BbIxuswmMe nnaHeTbl (nokoneHme 1)

* Bo3BpaTHadA akKkpeuua (nokoneHue 2)
 (Ob6pas3oBaHuMe nocne paspyleHna KoMnaHboHa (moKkoneHne 3)
* lcnapeHue nnm nepetekaHme KOMMNaHboHa («4yepHasa BAOBa»)
e 3axBaT uam obmeH Npu TeCHOM B3aUMOAENCTBUM




Pacnaa cuctembl mocie B3pbiBa CBEPXHOBOM

Y MaccMBHbIX 3Be3/ peKo BCTPeYatoTcA NaaHeThl

(BO3MOXKHO, 13-3a 6oblLON YD CBETUMOCTU, paspyLUatoLLen AUCK).
[laxke ecnn nnaHeTbl cGOPMMUPOBAUCS,
TO BCe € a<4 a.e. 6yayT NOr/NOLEHbI TUFAHTOM.

Mpwn B3pbiBE CBEPXHOBOM ObICTPO cHpacbiBaeTcs 6onbLLAA Macca,

YTO Yalle BCero NnpmBoauT K paspywieHno CUCTEMBbI.
BbIXKMBLUME NNAHETbl A0/IXKHbI UMETb 6onblune AKCUEHTPUCUNTETDbI N MOJTYOCH.




Bo3BpaTHaA akKpeLumA

Macca 3axBadeHHoro seuwecrtsa 0.001-0.1 maccbl ConHua.
ITO TUNUYHAA ANA NPOTONIAHETHOro AMCKa Mmacca.
Ho momeHTa umnynbca (YrnoBoro MOMeHTa) ropaszo MeHblue.




Pa3pyLleHne KoMmnaHbOHa paanonyabcapa

Pagnonynbcap NocTeneHHO MCNapAET CBOEro coceaa.
[MONHOCTbIO KOHBEKTUBHbIN (KPACHbIA KapaUK) Nnu
BbIPOXKAEHHbIN (6enbli Kap/IMK) KOMMNAHbOH 3aNOAHAET NoA0CTb Powa

N pa3pyLlaeTcs, ecn ero paganyc pacteT bbicTpee , 4em nosocTb Poua.

Ob6pasyeTtca AUCK ¢ 6onbLIMM yaebHbIM MOMEHTOM UMMY/bCa.
B Hem moryT GopmMmMpoBaTLCA NAAHETHI.

I/IcnapeHme cocelld TakXKe BO3MOXKHO.
Ho B aTOM cnyyvyae AUCK NOYyHaeTCA
HE CIMWUKOM MaCCUBHbIM.

Mynbcapbl C MaIOMaCCUBHbIMM
KOMMNaHboHa GOpMUPYIOTCA PeaKo.
Bo-nepBbix, ManoBepPoATHO 6onbLloe
OTHOLLUEHMe macc.

Bo-BTOPbIX, TAKOWN cUCTEME TPyAHEee
BbIXXMTb NOC/1e B3PbiBa CBEPXHOBOWA.



Moaenb opMMPOBAHUA NNAHET
BOKpyr PSR 125/7+12

[ANCK ¢ 60NblWNM YINOBbIM MOMEHTOM BOKPYr monogon H3. = rosiEe SERTY 10 macc
Ob6pa3oBaHMe — pa3pyLleHne KOMMaHbOHA NPUIMBOM

npu 6a1nM3kom npoxoxkaeHmn H3
nocne CUAbHOIo KMKa.

CnnvwKom no3aHo,

4yTObbI CTaTh HONUTEPOM: . .

B AIUCKE YXKe HeT rasa : e . ® JBONIOLMA CAMOro
MaCCUBHOTO TeNa

0908.0736



Moaenb @OpMMUPOBAHUA NAAHET
BOKpYr PSR 1257+12

[IMCK € Ha NOPAAOK MEHbLUMM
opbUTaNbHBIM MOMEHTOM.

0908.0736



Moaenb @OpMMUPOBAHUA NAAHET
BOKpYr PSR 1257+12

[IUCK C elle Ha ABa NopAAKa MEHbLLINM

opObUTa/IbHbIM MOMEHTOM.

Ob6pa3oBaHMe — BO3BPATHAA akKpeuusn
(fall-back).

[MONHOCTbIO BA3KUIN AUCK CnoeBas akkpeums
(fully viscous disk) (layered accretion)

0908.0736



Moaenb @OpMMUPOBAHUA NAAHET
BOKpYr PSR 1257+12

[ANCK C HU3KUM OPOUTA/IbHBIM MOMEHTOM U
BeLlecTBo B Y3KOoM Konble 0.4 <r<0.6 a.e.

Takasa KoHbUrypauma gaer
cucTemy naaHet, 6bonee NOXOXKYH
Ha Habaogaemyto, XoTa U TyT
eCTb 3aMETHbIe OT/INYUA.

0908.0736



[lynbcap 1 nosc acTeponaos?

PSR J1937+21. MunnucekyHaHbIW nyabcap P=0.0016 cek.
[NosHas macca nosica <0.05 Macchbl 3emM/n

B6113n nynbcapa acteponabl
OyAyT akTUBHO MCNapATbCA
noA, AEVUCTBUEM U3/YYEHMS.

Kpome Toro, moxert 6bITb BaXkeH
3 dekT ApKOBCKOrO.

Mosic acTepomaoB MoxeT obpa3oBaThCs
noc/sie pa3pyLleHmst KOMNAHbOHA
(benoro kapsvka, Hanpumep),
McnapsiBLIErocs o AenUCTBUEM
N3y4yeHus pasgmnonyabcapa.

1301.6429



MoaenmpoBaHue BapraLmnm
33 CYeT NoACa acTepomna0B

I'Iyqu_lme moaesnin noAaca acrepongon
C TOYKUN 3peHNA ONMMNCAaHNA OaHHbIX.

YepHble KpYXKKn —
6o/1ee MacCUBHbIe 0OBbEKTbI.

1301.6429



[lynbcap 1 Nosc acTeponaos-2 7

PSR J0738-4042 B ' |
HopmanbHbIM nynbcap. S0 . .
Mepuopa 0.375 cek. = J

0.1 -0.05 0.0 005 0.1 -0.1 -0.05 0.0 0.05 0.1 -0.1 -0.05 0.0 0.05 0.1 0.1-0.05 0.0 0.05 0.1
Ha n POTAXEHUN Fraction of Pulse Period

HartRAO dat : Parkes data———
ANNTENBHOIO BPEMEHM : | S s
HabaaAaNnCb aNN3oabl,
KOorga pe3ko MmeHssca
TeMnN 3ameanNeHuna nyabcapa u
CBOWCTBA €ro n3ny4yeHus.
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1311.3541



ObuTaemble NaaHeTbl Y My/1bCAapPOB?

B1257+12: " B1620-26 MarHuTHOe none NJaaHeTbl MOXET

total L;4 heating B E... & i > ’ L—EJ npep,OTBpaTMTb I'IOTep}O aTMOC(IJprI.
112719-1438 v v 7 ¥
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PSR B1257+12 b

PSR B1257+12 ¢
PSR B1257+12 d
PSR B1620-26b
PSR J1719-1438b

1

Orbital distance (au)

1705.07688



[1.naHeTbl y Ny1bCapOoB: pe3tome

Y paanonynbcapoB HabAAATCA KOMMNAHbOHbI NIAHETHbIX Macc.
Mo Bcelt BUAMMOCTM, OCHOBHAs Macca 06beKTOB — 3TO eAUHUYHbIE
OCTaTKM 60/1ee MaCCUBHbIX KOMMNAaHbOHOB, PA3PYyLUEHHbIX

(B OCHOBHOM — MCNAPEHHbIX) MNYybCAaPOM.

OCOBHAKOM CTOUT HECKOJIbKO CUCTEM, rAe NAaHETbl UMEIOT

NHOE NPOoUCXOXKAeHNe

Kak nnaHeTbl 06pa3ytoTca BOKPYr Ny/bCapoB — HE ICHO.

CKopee BCero aTo CBA3aHO C pa3pyLEHNEeM OTHOCUTENBHO
MaCCMBHOIO KOMMNaHbOHa 1 GOPMMUPOBAHUEM AUCKA.

Kpome Toro, nysibcapbl MOryT 3aXBaTbiBaTb MaHETbI

NPW TECHOM B3aMMOAENCTBUMN (HaNpPUMEDP, B LLAPOBbIX CKOMIEHUAX).
Y napbl Nyn1bCapoB BO3MOXHO Haba04aoTCA «N0ACa aCTEPONLOBY.




CTONKHOBEHMEe MUPOB

ABTOpbI nccneaoBanu 6onblyto BbIGOPKY cTapbix (~1 Gyr) 3Be34, ¢ N36bITKOM MHPPAKPACHOTO N3NYYEHUA.
Havnyywmm ob6bsicCHEHME TaKMX CBONCTB ABNAETCA CTO/IKHOBEHME KPYMHbIX TBEPADbIX TEN TUMNA 3eMAMN.
Mpnumepom Takoro CTO/IKHOBEHUA B UCTopnm CONHEYHOM CUCTEMbI MOXKET bbiTb popmmnpoBaHme JlyHol.
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