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MOTIVATION

* mass transfer responsible for X-ray
binaries, cataclysmic variables, type la
supernovae, ...

* understanding binary mass transfer =>
accurate differentiation between:
1. stable mass transfer
2. unstable mass transfer =
common-envelope evolution

e standard mass-transfer models suffer
from conceptual and practical
difficulties => new model needed

Qo _



MAIN GOAL

 donor’s mass-loss rate:
‘Md = Md((SRd)‘

»where dR is the relative radius

excess: B
AR Rj—R
Ry Ry
R4 - donor’s radius, Ry, - Roche-
lobe radius

»serves as a boundary condition
in a stellar evolution code (MESA)
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STANDARD MODEL

7y Pr = Pph > ¢1 * possible systematic errors

* instant optically thin —
thick transition

e stellar interior (sonically
connected) does not
influence mass loss

* not possible to include
additional physics
X1 (radiation, mag. field, ...)

Pph kT\2
| | .. [ (—) pdd.
(Lubow & Shu 1975, Ritter 1988, Kolb & Ritter 1990, Pavlovskii & Ivanova L1 Y ¢ m
2015, Jackson et al. 2017, Marchant et al. 2021) (Kolb & Ritter 1990)

. do
MxRr = @




NEW MODEL

v, PR = Pon > b1 ADVANTAGES

$r = ¢4 * testing for systematic errors

* stellar interior (sonically
connected) influences mass
loss

My : * possible to include
additional physics
(radiation, mag. field, ...)

M  clear analogy with stellar
0 .
winds — de Laval nozzle

(Cehula & Pejcha 2023)



perpendicular
plane

NEW MODEL IN EQUATIONS =g

START

» 3D Euler equations with the Roche potential
ASSUMPTIONS

1. Stationarity: d/dt - 0

2. Gas flow — effectively 1D = hydrostatic
equilibrium in the perpendicular plane

3. Lowest order approximation of the Roche

potential in the perpendicular plane 1 dv 1 d ‘ Mpew = VP Q,
4. Polytropic approx. in the perpendicular vix 00, ax o =0
plane ydo 1 i(PQ ) _d¢r
END dx  pQ,dx 77T dx
: : : d / Op PQOp d d Op
» 1D Euler equations with the Roche potential — ( —) — = —— ( ==,
q p dx € Qp (pr)Z d.x(pr) dx Cr Qp




SOLUTION OF NEW EQUATIONS

e 1D Euler equations with the Roche potential:

ldU 1 ( 0.)=0.
pQ, dx ==
dU 1 d __ﬁ
‘|‘ 00, dx (QP) i
Qp B POp d ___( &)
( Qp) (0, ax P2 o,

e 2-point BVP = numerical relaxation (Press et al. 2007)
isothermal: P = Kp a|gebraic
* we still need the EQUATION OF STATE polytropic: P = Kp' solution

realistic: MESA EOS module

(Saumon, Chabrier, & van Horn 1995; Irwin 2004; Timmes &
Swesty 2000; Potekhin & Chabrier 2010; Jermyn et al. 2021)



RESULTS

* 30 M starin a binary
with 7.5 M BH losing
mass on thermal time
scale evolved in
Marchant et al. (2021)
with MESA

* a posteriori M4
comparison in

different stages of » 1.0f

star’s evolution

(MESA: Paxton et al. 2011, 2013,
2015, 2018, 2019)
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Marchant et al. (2021)
e Kolb & Ritter (1990)
new: Ng, = 0.5

new: Ny, =1

(Cehula & Pejcha 2023)




RESULTS o mow

_ : Marchant et al. (2021) - —— L1 overflow :
e evolution rerun k —— Kolb & Ritter (1990) - —--—- L2 overflow 1
Y , 0.6 - 10.6
with ‘KR90" mass- I modified KR90 < new ]
loss prescription :
decreased bya = "f
factor of 2 to =
. ‘ ’ = 02k h
simulate ‘new g .
prescription = < _ ’
Iess Stable maSS 00._.. .............................................................................................. .E;,E
transfer || e J
L '1 :1 f
—0.2p time foooed
| > i
300 275 250 225 200 175 150 134 132 130
My [Mg)] M, M)

(Cehula & Pejcha 2023)

5Rd: 5Rd,0ut



CURRENT WORK

* implementation of radiative transfer
START

» 3D radiation hydrodynamics equations in
the flux-limited diffusion approximation
with the Roche potential

ASSUMPTIONS

1. Stationarity: d/dt = 0

2. Gasflow—-1D= Q

3. LTE:apaqT* — Epqg =

4. Optically thick limit: flux limiter A - 1/3
5. von Zeipel theorem

END

» 1D radiation hydrodynamics equations with
the Roche potential and radiative flux

perpendicular
plane

Yy

|-M new — U Q 0
1 dv 1 d
- + p) — 01
vdx  pQ, dx (pQ; )

dv N | dP gas Ld d¢R
yV— + — = — — ;
dx p dx Lpgq) dx
1dPrad KR Ld dgbR
p dx ¢ T Lpgg dx
P rad — aradT s Erad = Urad T49

Lg

dgr

F..=
rad 4rGMy dx




COMPARISON TO OUR PREVIOUS WORK

Idv 1 d 3 ‘ Muew = v0Q,
;d_x_l_pr (pQ,) =0,

dv dor

— + 00, dx —( Op) = T dx

QP)_ PQP d :_1(2&)
d_x (6 Qp (pr)zdx(pQ,O) d_x CT Qp ’
| 21
P = Pgas + garadTAra QP = WC‘%

e adiabatic vs. radiative

(Cehula & Pejcha 2023)

dor

e critical point:

d¢r
dx

—Ovs.(l— Ld)
Leda

dx

‘ Mnew = vp Qp
1 dv 1 d
——+ ——(pQ,) =0,
vdx pQ,dx (pQ, )

dv | dPgas Ld dQﬁR
V— + — =—|1- :
dx p dx Lpgq ) dx

I dPpaq KR Ly dor
p dx R T
Prad - %aradT Erad - aradT4
_ Ld d(ﬁR _ 2m C2
T ArGMy dx P yBc T

(Cehula & Pejcha in prep.)
= (0 = super-Eddington boost possible

* energy equation vs. Fick’s law + von Zeipel theorem



RESULTS

RADIATIVE vs. ADIABATIC

* radiative model captures
MESA profile better

* radiative model gives

lower My |
] T
- . 11.5 ¢
: ----- Ll : :
O MESAprofle ] <
| = pew: adiabatic = * _ =
4T DAt 1.0-5
_ - [ == new: radiative _
8T =05 00 —10 . =05 00

(Cehula & Pejcha in prep.) ¢ — oL [1U_lGﬂJfl/Rd] ¢ — O [IU_IGIWd/Rd]



RESULTS o

* 30 M starin a binary of

with 7.5 M BH losing 3.0k

Marchant et al. (2021)

e  Kolb & Ritter (1990)
adiabatic (N, = 0.5)

® new:

new: adiabatic (Ng, = 1)
mass on thermal time L o hews radiative
scale evolved in ez 200
Marchant et al. (2021) iz{):—
with MESA =7
* a posteriori My L5
comparison in :
different Stages of »1‘0:_ @ - nernenaeneaeen @ errreraenanannaenn PSR @ crerrnaenneens P @ erreernnnnn, o0
star’s evolution 05L go-o==77T -  Siiefepeietee  Sleateine $-csaiie
[ T T il L - .- :
* radiative model gives T e | l T .
even lower My = even 30 28 26 24 22 20 18 16 14
less stable mass My M)

transfer

(Cehula & Pejcha in prep.)




SUMMARY

e comparison with Marchant et al. (2021):

>factor of 4 lower My = greater R for given Mg =
less stable mass transfer = favors CEE over stable
mass transfer
e comparison with Kolb & Ritter (1990):

»factor of 2 difference in My
* testing for systematic differences between models

e current work:

»including additional physics = radiative transfer (not
possible using the standard model)

»results: radiative model gives lower Md (than the
adiabatic model) if radiation pressure is important
but super-Eddington boost possible

*1 am seeking a post-doc: jakub.cehula@mff.cuni.cz

Cehula & Pejcha (2023,
MNRAS, 524, 471-490)



BACKUP SLIDES



STELLAR WINDS = WAY TO NEW MT MODEL

1
* analogies between: - =
» 1D isothermal stellar wind
» flow through a rocket nozzle 3

» new model: mass transfer through the nozzle created by the Roche potential around L1
* hydrodynamic equations governing 1D isothermal stellar wind:
—M, = 4mr*p (r) v (r) = const,
dv 1dP GM,
+ —

=+ = 0,
v ar | odr 2 ;
T(r) =T = const.
1dy %r - GM
e assuming ideal gas EOS: —— = —* .

vdr 0?2 —c%



STELLAR WINDS =

* solutions of:

1 dv
vdr

2¢2

r r2
2 .2
v? — %

* the critical point (v = ¢7):

WAY TO NEW MT MODEL
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r/r{crit) (Lamers & Cassinelli 1999)



ANALOGY TO ROCKET NOZZLES

* hydrodynamic equations governing isothermal gas flow through axially symmetric
nozzle:

My = p(Dv(D)A(l) = pyup Ay = const,

dv N 1dP 0
vV— 4+ — = 0.
dl — p dl

T(l) =T = const.

1 dv dA

e assuming ideal gas EOS: —— = L
5 8 vdl 2 — 3’

D—“a-lr-aw

* the critical point (v = ¢7): dA/dl =0



ANALOGY TO ROCKET NOZZLES

1 dv cr dA

considering: ———=_Ad_
vdl  v?—c5

where (A = nrg):

[ L R
ry(l) = — exp (l) ., with L= C;M :

T I T 1771 ] L L

T
1

°
=
®
Q.
N
r/L
=)
[
+
|

i.e. the same momentum equation and
velocity distribution as isothermal wind:

2c2. GJ‘;L 0 | 2 3 4 5
_ = T r YL (Lamers & Cassinelli 1999)




NEW MODEL IN EQUATIONS

START
* 3D Euler equations with the Roche potential:

D49 (om) =0

d (pv)
ot
0 (petot)
V.
ot +V-l

+V-(pr@v+Pl)=—pVop,

(peot + P)v] =0,



NEW MODEL IN EQUATIONS

START

* 3D Euler equations with the Roche potential:
op
E + V. (pV) =0,

perpendicular

0
(pv) +V-.-(pv®v+Pl)=—pVog, plane

ot 4 ¢r = Cbpl
0 (pe = ¢4
(‘;lf"t) +V - [(peor + P)v] =0,
ASSUMPTIONS: : -

1. Stationarity 1\./1 y ._

2. Gas flow — effectively 1D = hydrostatic E M,
equilibrium in the perpendicular plane

3. Lowest order approximation of the Roche

potential in the perpendicular plane X1
4. Polytropic approx. in the perpendicular plane



NEW MODEL IN EQUATIONS

START

* 3D Euler equations with the Roche potential:
op
E + V * (pv) - Oa

J (aiv) +V-(pr@v+Pl)=—pVop,
0
(“;‘?"t) +V - [(peor + P)v] =0,
ASSUMPTIONS:

1. Stationarity

2. Gas flow — effectively 1D = hydrostatic
equilibrium in the perpendicular plane

3. Lowest order approximation of the Roche
potential in the perpendicular plane

4. Polytropic approx. in the perpendicular plane

END
* 1D Euler equations with the Roche potential:
S (p0p) =0
vdx | pQ, dx PP
dv 1 d _ deg
d QP) PQOp d d (2QP)
~ € |~ pQp) =——\cr—1,
dx ( Qp (pr)Q dx ( P) dy \'T Qp

where we are averaging in the perpendicular

plane: pr=fp'dQ, PQP:f P’dQ,
Q Q

I .

Op , and: Mpew = vpQ,

0, 2r-1




perpendicular
plane

NEW MODEL IN EC

IS
\/ END

* 1D Euler equations with the Roche potential:

START

* 3D Euler equations with the Roche pc
dp '
L 4+V. _
5 (ov) =0,

5 (pv) _I_V . (pv Ry +P|) — _pV¢R’
ot %
0 Xo
(i;jmt) + V- [(p€or + P)v] =0,
ASSUMPTIONS: i

Vi * pg, @ ) =0
dv 1 d _ dgr
de"‘prdx(PQP)— 4
4 (. 2r)_ PCp d __ 4 2&)
P (E Qp) (pr)2 dox ( QP) dx (CT Qp )

1. Stationarity

2. Gas flow — effectively 1D = hydrostatic
equilibrium in the perpendicular plane

3. Lowest order approximation of the Roche
potential in the perpendicular plane

4. Polytropic approx. in the perpendicular plane

where we are averaging in the perpendicular

plane: pr=fp'dQ, PQP:f P’dQ,
Q Q

QP: I
0, 2I-1

., and: ‘ Mnew — vap‘




RESULTS

* polytropic vs.

more realistic EOS: = |
o —4r

> factor of 102 S
difference in an Li [
extreme case! 20 —6r

 analytical solution
agrees with the

numerical for | < Xo x/xg
I r onor's
p.O yt Op€ interior
* Mq(x) = const.
= 95) :
o 00F ™ -
1_(;::. [ et
—2.5F =

—8sf

~1.00

075 —050 025 ¢

x/xg

—1.00 —0.75 —050 —025 |

x1 < L1

I‘/ﬂf[)

realistic EOS: numerical |
polytrope: numerical

polytrope: analytical

“1.00 =075 =050

025 0.00

x/xg



RESULTS

. MneW(ANHP) <> Mo (Xo), R4 = const.!

# of pressure
1M donor OT;{GB/
NH,
2

30M low-metallicity donor
undergoing thermal MT

scale heights
ANy,
3 2.5 1.5 1 0.5 3.5 3 2.5 2 15 10.5
[ 1 | | | | | _30 | | | | | | | - _80
SO\ e R=R; (JR4=2x10"2g=1) : -
7.5 128
= 7.0 1 =
O, 26 <
~ 6.5 | —
N - ] o0
= 6.0 log &
< 55 -
- - ] O
[ 22 i :
5.0_ T : . _55
- 0.5  ........ _ _ 2 i
: - R =Ry (0R;=318x107% ¢ =1.85) ]
4-5._..|....|....|....|....|....|...E..20 T B T B P
0.86 0.8 090 0.92 094 0.96 0/98 0.86 0.88 0.90 0.92 0.94 0.96/ 0.98
donor’s Ry/Rq donor’s Ry/Rq
interior Ro Ry, < L1 interior 10 Ry & L1



RESULTS

—My [Ma yr!]

. 6 (b . | |
MT rate comparison il ]
> Mnew (ARd);
— o 1107%
ANy, = const.! el _
» vs. optically thin 3
(Jackson et al. 2017) = | ] |
. . = . M yew (ANg, = 2.0) My (ANg, = 1.25) |
> VS, optlca!ly thick 107 M (ANg, =30) 7 | —— Muow (ANg, =2.0) |4
(Kolb & Ritter 1990) ; e il . :
v e N b e M
1M donor  1Mg donor 27 il {10
on the main  on RGB 250 1E {85
sequence 250 |z
= = 13.0 =
£ 2.00F |
:i 1.75F - 257
: 150 F i . )u:;
L1250 :
L 11.5
100
0.75 1.0

A RL].’""I'{!”.]JlL



RESULTS

3 I ' T I T I [ I ' .' I_
4'0: @ ﬁ/fM ji[ ]
35:‘ L ﬂ;fKR ;’ —:
sof Myew (AN, =0.5) .
X @ .lnr/fne“ (&NHP - ]..0) j!'
5 2.5F p ]
5 - . -
= . R
=20 "T--_ -~ .
= i N """ o--——- ----""°
1.5F _
1.05— ' IRETETTEPEPITE  SITTTTYTIPITTET | TEIPITRITEPEE L TITTERITETE | TETETREPEY | STIEETRTE -9 —
I » ]
0.0 - L | | a1 P l ] | I__
| ! | | '.‘"-I o | | ] I_
Z et T o __
= L o T —
S 20 » N
T s’ ~o
=t e AN
< 10F -
<] i '/ “ i
[ »-®
O 0 N R R I L R T -
30.0 27.5 25.0 22.5 20.0 17.5 15.0 12.5



RESULTS

13.0

134

—— Marchant et al. (2021)
—— Kolb & Ritter (1990)

— KR — new

950 225 200 175 150

975

30.0

13.2

M, Mg

M, [Mg)]



CURRENT WORK IN EQUATIONS

START

* radiation hydrodynamics equations in the flux-limited diffusion approximation in the
mixed-frame formulation (e.g. Calderdn et al. 2021):

dp |
— 4+ v . Y ) = U.,
ry (pv)
d (pv) ;
It + V- (py®@Vv) + VPgys + AVE g = —pV R,
G g
d (pe™) - 4 (0)
£y +V- L{?E vV + Pgusl’) +Av - vErud = —CPKp (HT - Erad ) ’
OE 1y 3 - / n — o (0)° ca
PPl V- ( 5 Eraqv| —Av - VE,q = cpkp (_HT R J +V PKR VErad) -
‘A
FO = - vE")
rad ,I-"KR rad
(0) _ (0) =(0)
Prad = El"dd



CURRENT WORK IN EQUATIONS

START

* radiation hydrodynamics equations in the
flux-limited diffusion approximation in the
mixed-frame formulation:

perpendicular
?T[: +V.(pv)=0,
% + V- (pv®v) + VPoys + AVE, 4 = —pVop,
9 (gf-) + V-. (P€"v + Poasv) + Av - VE,q = —cpkp (a}‘"'I - E.Sg) .
ai:ﬂd +V. (3 ;f Emdv) — v -VE. 4 = cpkp (a]’"4 - Br(::j)) +V- (;;LVEmd) .
Flgl}d) = !:,;LVE‘I’(SJ)
Poa = 1VES.
° .—
M £
ASSUMPTIONS: d M,
1. Stationarity _
2. Gasflow—-1D v
. T4 _ X1
4. Optically thick limit: A - 1/3



CURRENT WORK IN EQUATIONS

START END
* radiation hydrodynamics equations in the * 1D radiation hydrodynamics equations with
flux-limited diffusion approximation in the the Roche potential and radiative flux:
mixed-frame formulation:
%+v»(pv@»')Jrv;)gnﬁf{v,';m, = —pVeg. v dx P dx
g (gf*)+V-[;JE$1’+Pgﬂsl’)+K{V-VEmd:—C,OK]J (a7 - EL)). . d_‘* + l dP?:’ﬂf" _ K o dgbi
‘ _. ] . L rad N
6‘3':"‘ +V. (3 ;f Emdv) _ AV - VE, = cpkp (aT" —ag:j) +V- (%va}ad), dx L dx C dx
P = V- 4 [(€totp + P) v + Fraq] = 0.
PO = fOED). dx
i Fo. = _E l dPrad
ASSUMPTIONS: rad kp dx
1. Stationarity l
Gas flow - 1D where: Ppyg = —uT4, Eing = aT?.

2.

4 3
3. LTE:aT*—E.q=0
4

Optically thick limit: A - 1/3



CURRENT WORK IN EQUATIONS

perpendicular

START plane v, \D
* radiation hydrodynamics equations in th 1D radiation hydrodynamics equations with
flux-limited diffusion approximation in t \-\\/the Roche potential and radiative flux:
mixed-frame formulation: :
2—?+V-(pv}=0, l%"'l@ =0,
%+\'f-(p.;@v)+v,ﬂ_gm+wgmJ = —pVog. v dy P dx
a(gf*) +V - (€Y + Paasp) + v - VE gy = —cpip (aT“—EIEjL)), N d_" + l dP.gaf'i E = dqu ’
6?:‘:“’ +V-(3;fEmdv)—/1v-VE.-m=CPKp (aT4—EIE:L))+V-(%VEmd), dx P dx : dx
F.(?J=;KLVE[—(E3 i [(Et()tﬁ + P) v+ Frad] = 0,
Py = rOES). t
_ c 1 dPrad
ASSUMPTIONS: + rad = 700 T
1. Stationarity 1
2. Gasflow-1D where: | Prd = §HT4, Eiad = aT™.
3. LTE:aT*—E.,q=0
4

Optically thick limit: A - 1/3




CURRENT WORK

* implementation of radiative transfer
START

» 3D radiation hydrodynamics equations in the flux-
limited diffusion approximation with the Roche
potential

ASSUMPTIONS

1. Stationarity: d/dt - 0

2. Gasflow-1D:9d/dy - 0,0/0z - 0
3. LTE:aT*—E.,4=0

4. Optically thick limit: A - 1/3

END

» 1D radiation hydrodynamics equations with the
Roche potential and radiative flux

perpendicular
plane

3

ldv 1d m=yv
_ _L 4+ — _p — 0’ p
vdx pdx
dv N 1 dPlrda, K deR
V— + — =—F. 4 - —,
d« p dx T
d
dx | (€totp + P) v + Frag] =0,
. c 1 dPrad
rad =y dy
| ,
Prag = —&T4, Erad = aT*.
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PRELlMlNARY 5 : 1
RESU LTS Z i | 16.0
{H : 1—‘E.mml = 0.0 i E 1 :'T
SETUP ::r; _?‘.‘hi}‘-‘ . I'Emed = {".I.H. i E _-} - __i
'“::'; L L 1—‘E.mml = (.6 i E 1 E:
L4 M = 30M E : ¢ 1—‘E.mml = 0.7 i E : ?ﬂ.
d @ = —9.0F » 1—‘E.mml = (.8 ! E 1 = 0 -
° q — 1 r . 1—‘E.mml = (.9 i i -I.L
: 1—‘E.mml = 1.0 ? E :
¢ SRd =0 —9.51 without Fi g i E :45
=12 cm? gt ]
k 4 e 1
° Pgas = EPT 18k i ) E 1—1.5
. = i . E =
¢r = {(x )R+xx z , 120"
HE-:‘_L[}& | 1 "
[gmod — modified = | 2
Eddington factor l i ] o5
. 1 N —
RESULTS i |
: . ~ 1 L {—3.0
* shift of the critical 42p T L1 | '
point [ S S R — R S — R — T

(pr — ¢1)/(1073G M /a)

(or — 1) /(107G M /a)
(Cehula & Pejcha 2024, in prep.)



PRELIMINARY RESULTS

SETUP

° Md=3OM@

° q:l

° 6Rd=0

e k=12cm?g?!
k

* Pgas:M_mu,DT

* ¢r={(x )R+x -

't mog — modified Eddington
factor

RESULTS

* M exp(FE,mod)

—1.2.:[

—1.50}

log [/(g s~ ! em™?)]

—2.75}

—3.00F

~1.75}
—2.00f
—2.25}

—2.50¢

°
. ® ]
m exp(FE,mod)
e _
®
°® ®
. —
°
¢ ]
° ]
L | L 1 1 L | L L L | L L I L | 1 L I L | I L 1 L |
0.0 0.2 0.4 0.6 0.8 1.0
FE.H]Dd

(Cehula & Pejcha 2024, in prep.)



