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Generic properties of cataclysmic variables

(from the perspective of stellar evolution)

. «secondary” L4
P semi-detached binary * donor” * primary”
(donor fills its critical Roche volume) e M,
_af/M .
R =afl)
1/3 N/
f,@) = (B) (1) 2

B primary: white dwarf

~ typicolly 05Mp S M, S IMy , <M = 06M,

B donor: low-mass stor (Mg < 1M, My$ M)

- a MS star (ie. with central hydrogen burning) , or

- a giant  (rel.rare), or
- a white dwarf of very low mass, i.e. My % 0.05M, (also very rore)

either

P derived parameters:

- {total mass OV = MM, = My

~ orbital separation @ = R,

- orbital period  ~ 80 min £ By < 10" (- few days)

- orbital angulor momentum \Lb = /@ MM, (M+ Mz)"/z a”

‘ _1,2 1 - 5/6 -’13
e = LGB R) L ) B

(&)*

Y
~J p J = G'IIM;&R; ~ 10 S’cgs for a MS donor




Systems containing a magnetized compact star

0.) I’MéR1 < A

~ non-magnetic
Systems

- standard model

with an accretion
disk

p Examples: ~80% of the cataclysmic binaries
X-ray bursters € LMXBs

» compact star rotates
asynchronously,
magnetosphere
inhibits disk
formation inside ry

B accretion on the
magnetic poles » lighthouse effect ~ opt. & X-ray pulses

D Examples: X-ray pulsars
D@ Her stars ( intermediate polcrs) Q,=

rmz A
P no accretion disk,

compact star rotates
synchronously

B accretion on the
magnetic poles

P Examples: AM Her stars (polars), B~ 20-60 MG,
A/U 4033 _103% G o




Bastc facts about the evolution of single and binary stars

1.) Stars grow considerably (by up fo @ foctor 2 10%)

as they age ! (growth is not strictly monotonic) R
time #

A J distinct phases of growth:

- main sequence
= Herlzsprung gap & evol. towards He ignition (M2 M,)

= giant branch up to the He-flash (M4 2My)
= asymptotic giont branch (M%< 10Mp)
2.) The more massive a star, the faster it ages,

2.5
onthe MS: L~MET A Th = Hon

A Of two stars with the same age (as in abinary) but different mass, the more
massive star grows faster, i.e. /s the bigger of the two.

1 e -

M1 > M2 : time ’

2 L] - .

3.) In abinary the presence of a companion limits the size up to whichastar can grow
(Roche limit) without losing mass to its companion .

~ S - —
Y
- ~

Maximum Size for each component , -
M @z (2N 100 2 g {o N M
Ri=af() | R@=@ 0 Sexr L ) )
0.45 N SN~
M - =1 ~ ' Se_-~-"
Ro, =a£‘,(72) F,(q)..g(q )=q £ - a

P consequence: evolution ints a Semi-detached System, i.e. towards mass transfer

— —
- —
-,

~ - ~
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Prerequisites for white dwarf formation

‘Main production modes (for single and in binary stors) :

b He-WDs: 0.45M <M <M

He-wD ~ " He-Fl,
P CO-WDs: M <M EM
P ONe Mg-WDs: "['-rt. < Maueﬂ_q-WD

~ 1.1M0:

< 1.38/‘10;::

z 045-0.50 M : loss of stellor envelope on st

giant branch (M; £ 2.2My)

envelope loss on the AGB
(M; £ 6-8 M, for single stors,
possibly higher in binaries)

envelope loss on the tip of the

AGB of stars with M; = 8-12M,

(in binaries)

M Fundamental property of giants/AGB-stars: 3 core mass - radlius relotion R(M,)

- Formation of WDs requires a lot
of space, the more massive the
WD to be formed the more spoce !

= no problem for single stors

= in binaries : orbital separation
a sets an upper limit to Myyp:

Mo % R (af ("m)

(reason: Roche limit)

Me /M,

03 0% 0506 08 10 14

||I||II|IIIIIJlIIIIIIIIII




Core_ mass luminosity relation  (Kippenhahn, 1980)




Single star evolution <— binary star evolution

Single star evolution:

P Task: Solve a well- known set of differential equations with
appropriate boundary conditions and initiol values.

Binory evolution:

» Task: Inprinciple the same as for single stors, with an additional
boundary condition which derives from the presence of a
companion star. |

Simplest case : 1 “real” star + 1 point mass

¢phm‘: < ¢i:r.ft

or

= f a0

~ Consequence:

significant mass loss of M,, A

X
< steep
» Problem: Where does the lost s function !
mass go, and how much i
angulor momentum does  Ponot = ey
it corry with it ¢
Mg =: - '1 7
AW = M+ M= M, (1-7)
] =: Jﬁm_ Y
ot
» What is known about W= M, + Mg

v and y ? | J = orbital angular momentum




P ingeneral: 0<sm<1 and V%0,

otherwise (almost) free functions of the
binary parameters!

= Binary evolution: Theory with (at least) two
(almost) free functions




L ow-mass case B ewolution of a close binory_

(Kippenhahn,R. Kohl, K., Weigert, A.: 1967, Z. Astrophys. 66, 58)

P conservative evolution
~ M +M2 = const.
A -1/ ‘l
J G 2M1M2(M Mz) A
= const.

Mq«b—QOMo
MQ,,_10M0

Mi/MO
0.264

Cataclysmic binary with M=

\

0.26 M,

M1/MQ

, 20
1135 @)

M2/M0

20| 4.
5.6958
1.135 .- @ o

096

57509
1.209

6.81%6
24.1

6.9651
24 1

age (108yr)
IDbrlb (d)

' —

2.736




Generic properties of CV progenitors

1) Myi= M2 (assumption, justificdfion later)
2) M, such that it yields a WD of desired mass

b single star evolution:
3 Mi-M,-relation, ie. M,

MWB = Mf (M,’)

-1
o M,’ (Mwo) = Mf (Mwo)

. : Mi
» binary evolution : premature end of '
core evolution (onset of

mass transfer).
-1
A My < M)A M (M) > M (M)

3.) Becguse of core mass radius relation :

a; = _R(Mun)_ (assuming that My, = const. ofter the onset of mass transfer)
f,( Mi/hy,i)

D For typical parameters  Mup = 1My, M, 1M, My 2 5M, 302 6M,
A RMyp) = 10°R,, )g(M"i/Mzi)z 0.5

. ‘ -1/ 1
~ ~ orbital ongulor momentum:  J =J (Mc)(Mg) (@)@ \2 o 92
i ital angular momentum ( )( )( ) ( )

(-]

Mo/\Mo/\ Mo Ro

~ few ~30

b T o 102 - Wev-prg. . 5-10
va Wt ey




STABILITY AGAINST MASS TRANSFER
(conservative mass transfer M+ M,=const.)

t=0
M—*M-:Sm
M—>M+6m

marginal

stobllll:j

1

1) Dynamical Stability: T, ~ (E%-;)I

if alnR2 _ [3lnRgr) _ 2(q-1) 4 a+1
| (alnMg (alnMp) q ﬁz(q)*"l'z>,s,>0

9=t , B@-= dln(Rz,a/pD | Kz,x= (BlnRgz)

dinq olnM
B 3‘8=._%‘3. for fully convective stars, S >0 for rodiative stors
2) Thermal Stability : Tp, << Ty = Tiw = g_f_ < tw < Thuc
- 2l2

£ (9lnRo 9lnRa,r 2(9- 1) q+1
lf (aln Mo ‘3_§= (aln MZ)MC:] q P(q B IGS

P Tsz ,=05-15 on the main sequence
ot |

3) Nuclear Stability: te=tnye , if (O R2/ot) e < O

1



Stability of mass transfer

P Upon onset of mass transfer: What happens ¢

a) fo the size of the donor’s critical Roche radius ?

consider the simplest case: conservafive
mass transfer, i.e.

W= M, +Mgy = const. BT 0 = const. | |
1 Ay 1Y J = const.
J=G . M M, (M+M,) %0’ « 01 mass loss
U2 =119 19 o3 A
— 6 M, (WM ‘a £ . from M,
= -
> a= T i, @) o
G < 0 ‘
R = S0 i ("wem) _ R (m) -1 0 f
R 2 4R
G My (Bo-M)2 ! |og EL
Mg
e dln Rig - >0 ¥ M 508
o Myt Rt < aln My~ "R Mg

b) to the radius of the dbnor ?

donor star: - star with o deep outer convective envelope (giont, AGB stor)
- obeys the core mass-radius relation as long as M, small

~ dRi =0 as long as the mass loss rate js small

dM,

Ry M with ot =Y3 for rapid (adiobatic) mass
loss from convective envelope onset of
(Tep > Ty, > Togny ), and A mass tronsf.
a>>0 if Tiy> Tomy
£-M, > M, ITeony ~ Mo /_)”' 1R

B Onset of mass tronsfer: a_fi_( Ri=R, o) >0

~ mass loss accelerotes !




Stability of mass tronsfer

3 Upon onset of mass tronsfer: What happens *

C) to the radius of the secondory ?

= Slow accretion (M< M/Tyy)
on MS star:

dR; . (dRz)

dM Ens

05 .
~ Ry~ M, ~ rel. small increase

— rapid accretion (M >-->> M/Ty, )
on MS star:

Ry grows the more the faster the mass transfer (accretion) by up to £lgR 3 2!

Summary and consequences

» Upon onset of mass transfer

o Roche radii shrink

e primary’s and secondory’s radius increase

mass transfer rate grows catastrophically up to volues of order
y /
M, = M/, ~ Moy

=P | Eyolution into deep contact

~~ 3 binary system consisting of the primary’s
core (mass M,) and of the secondory
(mass M, ) immersed in a common envelope

(mass M. =M, ;=M ) which does not
rtate synchronously, ie. £ < Wyx




Reaction of MS stars on mass accretion

(Neo et al. 1977, PAST 29, 249;

B Upon accretion anto a (MS) star: Kigpenhohn & Meyer-Hofmeister
- newly added mass compresses (old and 1977, A2A 54 539)
new ) layers underneath N —
- compression releases gravitational M; = 20 M,
binding ene L _3 i
J S | M = 50210 M /yr
A for very low accretion rates
M< M/Tyy
the star remains near thermal

equilibrium and follows the MS
- mass radius relation.

~ for high accretion rafes

M >Mmi,
L p (~M) 00 bt‘g’*bb'éé‘go ﬁm 233
- envelope becomes convective, star evolves 0 2

fowards the Hayashi line (HL) At (102 r)

= on the HL : Teg = const.

® f .
A R~M accretion rate

~ the stor grows the 1: 210 "My fyr
faster the higher M. 2: 5107 Mo lyr
3: 210 # H@/yf
. 403
b: 10 My lyr

1: 5167 Molyr
2: 11073 M@/yr

3: 1510°M, br
4: 5’0 Moaf




Darwin instability and common envelope evolution

W Consider a bmaty (Mwp, Mg,a , Wy, ) embeded in an
envelope (Mg, Rg , gyration radius g, 2, ).

If Wey>Qp 3 friction ~ enerqy release and

transport of angular momentum from the binary to
the envelope , ie. J == .‘]E_ <0

S (b”>0 and _fl£>0

- . L] - - 2
P Question: W~ Qp 2 0¢

» If “’-*"-Q; >0 and Wye-Qp <0 ~~ envelope is synchronized, D> w,,

If Wew-0g >0 and G) -, >0 ~~ Darwin instability (Darwin,6.H. 1879,
Proc. Roy. Soc. London 29, 168 )

~~ runaway friction, ** Spirals in
~  common envelope evolution

23 Y.
Jow =G MMy 02 _ g w . 6 = MuMs g® . orb. moment

t 2 R *%
(Mup+ Mp)/2 Muo+M g of inertia
92 2
Je = lg REME‘QE = G0,

.9_.J+J)=0 <> 6.0 —fl =C&.J 1_1&_*.
at(** E ook *"{ 395}

~ stability if 6g < 34. 6,

\instability, ie. spiral-in, if G > :;_ Oy s

> for typical binary parameters g > 3L 6., before mass transfer can stabilize

~ spiral-in, CE evolution is unavoridable in most cases (considered here ).




Common envelope evolution

b Time scale

Frictional angular momentum ondenergy transport is self-requlated by radiation
pressure caused by the frictional energy release (Meyer& Meyer- Hofmeister 1979).

> Lgition 5 Lpy =27 fec @ = Eddington luminesity,
es = electron scatfering opacity

Evolution of binary (Myp, M,) from Q=0; — @ =Qp <0, releases orbital
binding energy
AF =~ GMwoM;
8 2Q;

~  timescale of CE-evolution T ~ AEs > AEg  Ces MwoMg 1
. Lfrlch‘on Lega 8irc (MHD*‘Mz) 073

oy (R )

- | duration of CE-evolution is very short ~ practicolly unobservable !

~ secondary has no time to accrete !~ Justification for My = My ;

W Ejection of the CE : theoretically still not fully understood

B Frediction of CE scenario:

Successful ejection of CE —| planetary nebula

+ Short-period (detached) binory central
star (hot WD + companion)

B Short-period, detached binary central stars of planetary nebulae are observed !
(Currently 20 oljects known).

Strongest support for the concept of CE-ewlution !




Formal treatment of common envelope phase (Webbink 198%)

| : _
D opreCE (M, My,a) o> (Mg, My,a,)  post CE

»  working assumptions :

Mg = My ; = pre-CE core mass
Mog = My

. = - My,
Ry,i = q; f'(pﬁ) , j'; from Roche geometry
Menv;i = M,‘i—Mqi = pre-CE envelope mass

gravitational bibd:h_q energy of the envelope BE,,, d_—iﬁ _ 6Mui Menv,g
2 Rf,i

~ definition for A. Ais in principle computable, but 3 problem: mass cut !

orbital binding energy BE (M, H,,0) = _ GlgfaMn

O((:E [BEo'b(Mi,i:MQ,i:ai,) - BEorb(M1,f:M2,{-':0f )] == BEem,

essentially a free parameter (0Gg < 1)

> a; = Q; [ 2Myi (Myi-Me, i) M J“'
Ohe AMye Myi f (Mismi)  Mys

D sofar: o A s the real free parometer of the problem !
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Short-period _detached binaries containing a white dwarf

10 _
central stars of planetary nebulae

5L

0__l_l_¢_l_‘_l N

-1.5 -1.0 -0.5 0.0 05 10 15

log P
10 _
white dwarf - red dwarf binaries (without CPNs)
5 u L A
0 ;
-15 -0 -05 00 0.5 10 15
log P ()
0 _
white dwarf - white dworf binaries
51

r

rM
OJ_I_._m i

-1.5 -10  -05 0.0 0.5 1.0 15
log P (@)
orb

source - Ritter & Kolb (2001, rel. 7.7, Oct. 2006)




Schematic representation of evolutionary routes of binary evolution

(after de Kool, M.: 1992, Astron. Astrophys. 261, 188)

100%

3M.4%-31.5%

5.2%-13.2%

29% -6.6%

0.6%-1.8%

initial binaries

A _
non-interacting

B
mode |
main sequence contact

C

mode 11

|
y

E
mode III unstable
Common Envelope

!

D

mode III stable

Y
G

MS + WD
detached

y

F

coalescence in CE

-|H

TAML > TGAL
Tev,2 > TGAL
non interacting

: |

TAML < Tev,2

TAML < TGAL
MS + WD

semidetached

'

I
TAML > Tev,2

Tev,2 < TGAL
evolved secondaries

Y

supersoft sources,
giant secondary

long period CVs

K
M3 > geritMwp
transfer rate too high

!

supersoft
sources

Mﬂé 2M@
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44% - 44 %

5.2%~-5.4%

1.8%-2.3%

18.2% - 26.3%

09% - 6.2%

01%-29%

1.5%-6%
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Mass transfer in a semi-detached binory

B semi-defached: here Ry = Rg’ .

Ry < Rya
D mass transfer: star 2 — star 1
~ changes M, My, R, o, R, ., R,, 0, F.. )
! L

» ewlution of the donor’s radius Ry = R, (Mg, t):

dln 2 _ (alnRy) dinMs InR3 oln R (4
alnm) "o ),,,,f ot ) ?

=: $¢ = adiobatic mass radjus exponent

dihRsy _ (31n R2 ) dinMs_ ( ob Pz) if the star remains near therma!  (1h)
dt AnMyp ot 9t Jnuc equillbrium despite mass loss

\-—-v"--/ oo
=: 3 = thermal equilibrium mass rodius exponent

P evolution of the donor’s Roche radus R, = R, . (M, M,, J):

€l
dinRse _ (anl?z,n dinMs Inl?z,n) - dIan 4 2 (DInJ (2)
dt alﬂ Mz * dt 9[’ M=0 R,
S —

=: $, , = mass radius exponent of the Roabe potential sur/bae 2,

B stationary mass transfer if Ry = fi’z p (With Ry =Ry, )

(fa)+ (9) A -Mg = _Mo {(alnfs’z) (’Jlnl?z)t _2(933’_’ } (30)
nuc h =0

KS- S. R,2 at at
() + (@) A My = _M2 [(%Rz _ 9an } (3b)
Se— SR,Q gt nuc
P stability criteria:  adiabatic stobility if S - fm >0 (4a)
‘thermal stobility if S‘e -t 2.2 >0 (4h)

P 8,3, depend on the moss and internal structure of the dbnor.




Computing the long- term evolution of a semi-detached binary

P over most of the time mass transfer is ~ stotionary, ie. R, = R, , and
R2 = Rz R . '
!

> mass loss

consequence of { nucleor eyolution
[ irradiation

-y - e [m) NCIARE: aan]

< e ot /.. \ ot J, 5%
\ \ Systemic angulor
momentum loss
stellar structure redistribution of mass andangular
- - / momentum in the system and
bl evolut:onarﬁ)f history of th? consequential angulor momentum
<> complete history of the binary loss (CAML)

~ Information required for computing the long-term evolution :

e complete internal structure of the donor star <> complete history of the
binary system

® systemic anqular momentum loss rate (gravitational radiation, "magnetic
braking” )

* model for the redistribution of mass and anqular momentum in and loss
of mass and angular momentum from the system (consequentiol angular
momentum loss (CAML)  ie. V and 7 )

e additional effects (irradiotion of the donor, irrodiotionof the accretion disc, ... )




Distribution of observed orbital periods of cataclysmic binarkes

Source: Ritter, H., Kolb, U. 2008, hp:/www.mpa-gorching.mpq. de/Rkcat/

minimum period period gap long-period cutoff
¥
" I " "1 i
sos 11
CVs -
; — 0.8
S ; i
N 5 10.6
R 5 0%
S N
3 1 0.4
K -
3 - 0.2
T IA 3 °
1 2 4 6 810
P [h]
i;"m.” ~ 78 min
ohs px 3
gap
P 16"

cumulative distribution



SECULAR

EVOLUTION OF A CATACLYSMIC BINARY

10

(schematic

M, = 08My)
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6 ; . , - : .
C4f case b ]
> . .
jump in J
‘{é ) a = 0,1 _ .
5 2 - i
b |
| — _
0 ———H—
- ®
T 15F l
> 1
)
=
o 10r 4
e
-zIN 05 |
N —
0.0 ; e — } y
-04
— 05
<
x -06
%
—= =07
-0.8 F detached phase Re .
. 1 | A L . |
o 1t 2 3 4 5 6 7
t (10° yr)

Spruit and Ritter (1983)



Secular evolution of cataclysmic binaries  (Kolb 1992)

(Sequence S6)

_0‘2|||||||l||l J
-0.4 |- i
log R
= 4
° 0.6 i
-08 | 4
- Rg“'- -
detached phase £
,—1.0 - - [ R2 -
-12L 30 4 ¢ o oy Il I
7.0 8.0 9.0 10.0
log teyn
parameters: My i = 0.6 Mg
M‘l,i. = 0.7 M@
Ime= JVZ 2 fvz=1 ? r92= r~92,i:ot:
7 =0
-1
vy =Q
resulting properties: M =0.2440 Mg
Pu = 3.“‘528 hr
PE = 2.2468 hr
Prin = 1:0840 hr



Secular evolution of cataclysmic binaries (Kolb & Ritter 1992 Kolb 1993)

-7
| 1 | I | [ I I |
M,=1M¢
~ _8 B -
..é \‘I
= |
?N -9 L i _
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-0 L _
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- & o | o
-11 | | | l | | ] L1
0.0 02 0.4 0.6 0.8 1.0
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Thermal timescale mass transfer in CVs and LMXBs

Schenker, K., King, A.R.: 2002, ASP Conf.Ser.Vol. 261, p. 242

Initial parameters:

Sequ. |Myi/MgIMgi/Myl ;| Xy | P (W) case
1 | 14 | 16 (1143 | 05 |~12 |weak TTMT”
2 | 0.7 | 1.6 |2.286(~0.05 |~19 |strong TTMT™

a2 AE Agr; b2 V1309 Ori; ¢ = V485 Cen; d £ AM CVn

% TTMT = thermal timescale mass transfer






