X-RAY BINARIES
AND

RECYCLING OF MILLISECOND PULSARS

AEI IMPRS GW LECTURES 1+2

Thomas Tauris — IFA, Aarhus University



Note: These lectures will be recorded and posted onto the IMPRS website
Dear participants,

We will record all lectures on “The Astrophysics of Compact Objects”, including
possible Q&A after the presentation, and we will make the recordings publicly

available on the IMPRS lecture website at:

https://imprs-gw-lectures.aei.mpg.de

By participating in this Zoom meeting, you are giving your explicit consent to the
recording of the lecture and the publication of the recording on the course website.


https://imprs-gw-lectures.aei.mpg.de/

Albert-Einstein Institute Lectures 2021
Thomas Tauris @ Aarhus University

Lectures 1+2: Wednesday May 12, 10:00 — 12:00
X-ray Binaries and Recycling Millisecond Pulsars

Lectures 3+4: Friday May 14, 10:00 -12:00
Spin and B-field Evolution of Neutron Stars (+ Black Hole Spins)

Lectures 5+6: Wednesday May 19, 10:00 — 12:00
Formation of Binary Neutron Stars/Black Holes

Lectures 7+8: Friday May 21, 10:00 - 12:00
Binary Neutron Stars and Gravitational Waves at Low and High Frequencies

You are most welcome to ask questions any time ©



X-RAY BINARIES AND
RECYCLING OF MILLISECOND PULSARS

AEI LECTURES 1+2

Introduction to X-ray binaries/Accretion )
HMXBs and LMXBs
Roche-lobe overflow - Cases A, Band C
Stability criteria for mass transfer / stellar evolution
Orbital angular momentum balance equation

e Common envelope and spiral-in evolution
*  Equilibrium spin period and spin-up line in P-P,_, diagram

Accretion physics
Accretion disks

B-field decay |
Four phases of accretion (self study) 3
)
b

For a review: Tauris & van den Heuvel (2006)
Tauris & van den Heuvel (2022)
New textbook from Princeton Uni. Press

AEIl 2021 Thomas Tauris 4



The Accreting Neutron Star
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Energetics of Accretion
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DISCOVERY OF BLACK HOLES AND NEUTRON STARS

1962. Sco X-1: neutron star LMXB
(Giacconi, Aerobee 150 rocket)

1967. PSR B1919+21

2 1971. Cen X-3: pulses (P=4.84 sec)
<3 1971. Cyg X-1: black hole HMXB

Radius | AU/mc? | AU/m dM/dt Column density
Stellar object | (km) (ergg™) | (Mg yrt) |(gcm)

Sun / star 7x105 |2x106 |2x10%5 |1x10* |140 [& *

White dwarf | 10000 |2x104 |1x10'7 |1x106 |16 %
Neutron star | 10 0.15 11020 [1x10° |0.5 @ *
Black hole 3 0.1-0.4 |4x10% |4x10° |0.3 [@) *

3K Note: X-rays are stopped at column densities larger than a few g cm2
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Accretion Luminosity

I—X — (gnuc +& ) M acc

H—->He—>C—>0->Si—>Fe—.. Dominate in accreting WD

(not relevant for BH)

grav

Dominate in NS and BH

Release of gravitational binding energy




- wind accretion

- beginning atmospheric timescale: 10> — 106 yr

Roche-lobe overflow

Donor star masses M, > 10 M,

114 systems known in our Galaxy:
- 50 systems with measured P, = 0.2 — 262 days (median 23 days)
- 66 systems with measured P, = 33 ms — 4 hours (median 3 min)

AEIl 2021 Thomas Tauris 10
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Be-star X-ray Binaries
(subclass of HMXBs)

Thomas Tauris
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HMXBs with BH accretors

Table 6.6: The five known BH HMXBs. (Updated after van den Heuvel, 2019).

Source P, .y Mionor Mgy  Reference

(d) (Mp) (Mo)
Cyg X-1 5.6 41 (£7) 21.2 (+2.2) |Miller-Jones et al.|(2021)
LMC X-1 3.9 31.8(#£3.5) 10.9(£1.4) Orosz et al.|(2009)
LMC X-3 1.7 3.6 (£0.6) 7.0 (£0.6) |Orosz et al.| (2014)
MCW 656  ~ 60 ~ 13 4.7 (£0.9) |Casares et al.| (2014)
M33 X-7 3.45 70 (£7) 15.7 (£1.5) Orosz et al.| (2007)

Tauris & van den Heuvel (2022)
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- Roche-lobe overflow

AEl 2021

Donor star masses M, <1 M,
187 candidate systems in our Galaxy:
- 74 systems with measured P, = 11 min — 1160 days (median: 8 hours)

- 26 systems with measured P, = 1.6 ms — 7.7 sec (median: 3 ms)
Most systems are transients and X-ray bursters (thermonuclear explosions)
About 20 black hole systems (soft X-ray transients)

Thomas Tauris 14



Burst light curve

'X-ray Bursts

¢ (;" Rise time = 0.5 - 5 seconds
yD@y time = 10 - 100 seconds
_ Recurrence time = hours to day
Energy release = 103° erg

- -

Accretion of H-rl‘?h matter piles up on the NS.
Gravity compresses matter and the temperature
rises at the base of this accumulated envelope
leading to ignition under degenerate conditions
resulting in a thermonuclear explosion and a
rapid photospheric expansion.

The burst lasts for some 10-100 sec.

Burst oscillations reveal the spin period of the NS.

AEI 2021 . : Thomas Tauris ' 15



LMXBs with BH accretors

Table 6.5: Examples BH LMXBs

. (After McClintock & Remillard} 2006).

Source Alternative P,  Spectrum BH mass
name (hr) (Mgp)

04224-32 V518 Per 5.1 M2V 3.2 —13.2
0620—003 V616 Mon 7.8 K4V 3.3—12.9
1009—45 MM Vel 6.8 K7/M0OV 6.3 — 8.0
11184480 KV UMa 4.1 K5/M0OV 6.5 — 7.2
1124—684 GU Mus 10.4 K3/K5V 6.5 — 8.2
1543—475 IL Lupi 26.8 A2V 74—11.4
1550—564 V381 Nor 370 G8—KS8IV 84 —-10.8
1655—40 V1033 Sco 62.9 F3—-F5IV 6.0 — 6.6
1659—487 V821 Ara 42.1 — —
1705—250 V2107 Oph 12.5 K3/7V 5.6 — 8.3
1819.3—2525 V4641 Sgr 67.6 BOIIl 6.8 —7.4
18594-226 V406 Vul 9.2 — 7.6 —12.0
19154105 V1487 Aql  804.0 K /MIII 10.0 — 18.0
20004251 QZ Vul 8.3 K3/K7V 7.1—-7.8
20234338 V404 Cyg 155.3 KOIII 10.1 — 13.4

Tauris & van den Heuvel (2022)
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Equipotential Surfaces and RLO

T T L LA N
Effective gravitational My =150 My 0 = 100.0 Ry
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Equipotential Surfaces and RLO
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X-ray binaries Roche-lobe overflow Cases A, B and C:

(the evolutionary stage of the donor star at onset of RLO is quite important ...)
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Main Sequence

T
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80 100 120 140

age (Myr)

Fig. 16.6. Evolutionary change of the radius of the 5 M star plotted in Fig. 16.5. The
ranges of radii for mass transfer to a companion star in a binary system according to RLO
cases A, B and C are indicated — see Section 16.4 for an explanation.




The evolution of compact binaries

Stability ?
response of donor star ?
Accretion ? response of Roche-lobe ?
super-Eddington ? dynamically stable ?
jet?

B-field, spin ?

Mode of mass loss ?
specific orbital angular momentum ? magnetic braking / tidal interactions

gravitational wave radiation

AEIl 2021 Thomas Tauris 21



Stability Criteria for Mass Transfer

exponents of radius to mass:

adiabatic or thermal response of the donor star to mass loss

initial stability criteria:

nuclear burning tidal spin-orbit couplings

gravitational wave radiation
yields mass loss rate!

AEIl 2021 Thomas Tauris 22



Stability Criteria for Mass Transfer. |l

(Bhattacharya & van den Heuvel 1991)

ISOtrOpic Re'emiSSion MOde' (Soberman, Phinney & van den Heuvel 1997)

Orbital evolution:

T T T T I T T T T

o
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£
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<o)

|

orbit shrinks (0a<0)
unstable ?

T T T I T T T T

v

0.01 . 1
<— light donor | heavy donor —>

(Tauris & Savonije 1999, 2001) Mo/ Mys !
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Orbital Angular Momentum Balance (OAMB) Eqn.

M. M !
o = N OF-ERVE-L orbital angular momentum
logarithmic differentiation @
U (e=0, tidal circularization)
_ 5 ' 1, My +N Jo, =T xP|

See next two slides

AEIl 2021 Thomas Tauris 24



32 G* M,M,M
5 ¢ at

Low-mass stars: magnetic wind!
= loss of spin angular momentum

In tight binaries the systemis

tidally locked (synchronized)
(uncertain) and spin-orbit couplings operate

= loss of orbital angular momentum

Spin-orbit couplings:
J

Is

Jorb (as a result of nuclear burning or mass loss)

- fx change in stellar moment of inertia

AEIl 2021 Thomas Tauris

M, <1.5M,,,
P, <2days

or

25



le_MEdd 0)

Mass loss: (isotropic re-emission model) | |\)|2 |

a + q2 +8y(L+ q)z M2 B: mass ejected from accretor
M. - fx. in a relativistic jet
2 (isotropic re-emission)

1+q

/ a: direct fast wind

0: mass loss via circumbinary
e

o coplanar toroid with
radius: y?a
Accretion efficiency: e=1-a-f-0 (M, =-edM,)

Bhattacharya & van den Heuvel (1991)
Tauris (1996)

Soberman, Phinney & van den Heuvel (1997)
Tauris & van den Heuvel (2006)

Tauris & van den Heuvel (2022)
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Solution...........

Integration of the OAMB eq. for mass transfer/loss:

—a-pB+6 312 ag+B+yS (1-¢)?

q+l1 | ¢ [ ¢q+1 e(1-¢)
q, +1 gq, +1

Tauris & van den Heuvel (2006)

final separation (after RLO)

AEIl 2021 Thomas Tauris 27



Example of numerical LMXB calculation...........

] I LI l LI I LELEL I LI I LI I LILEL I LI

Istrate et al. (2014) |

divergent, P_, =4.2 days

intermediate, P_ =3.45 days

—— solution, P_, =3.4 days

—— convergent, P, =2.6 days

1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1

.4 1.2 1 0.8 06 04 0.2

o

Donor mass, M, (Me)

AEIl 2021 Thomas Tauris



Tauris & van den Heuvel (2022)

}
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LMXB

Formation &
Evolution

|
« 7
x® UCXB

| ™. BH (+ planet)

\
Pulsar + MS 5 Q.V MSP (+ planet)




LMXB

Formation &
Evolution
in detail

©

@ © ®

©

ZAMS O

RLO '
1.60

2

CE +
spiral-in

4.21

|

He star o
4.21
)

Case BB RLO
3.40 1.60

|

\I/
//\\

2.06 1.62

SN

Pulsar + MS \7‘[’\
1.65 1.62
LVXB R“-i’z
gow
1.65 1.59

|

MSP + WD o= @
1.79 0.30

P

1500 days

orb age

0.0 Myr

1919 days 21.1 Myr

1.16 days 21.1 Myr

1.56 days 22.3 Myr

1.08 days 22.4 Myr

2.22 days 22.4 Myr
ecc=0.48

1.50 days 2.20 Gyr

57.0days 2.50 Gyr

Tauris & van den Heuvel (2022)



HMXB

Formation &
Evolution

Kruckow et al. (2018)

CE

NS +
He-star

Case BB
RLO

Ultra-

stripped
SN

recycled +
young NS

|
@;@ o

BH



HMXB

Formation &
Evolution
in detail

©@ © ® 0 O 6
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ZAMS O ")
12.0 l 9.50
RLO O
9.48
11.6 l
He-star L]
330 | 10,
SN £
“7IN
z,79l 11.1
NS By,
142 ©
L
HMXB “; —y
1,431 rJ9792 L
CE
l. 3.71
NS + « @
He-star 1.43l 3.71
Case BB R;!!‘
RLO 1.43 lr 3.11
ultra- \ //
stripped Q0\0 —
SN TARN

1.44 2.06

recycled + Q‘ i .f7
young NS D
1.44 l, 1.28

DNS
merger

BH ®
2.59

P
130 days

orb

135 days

1113 days

1196 days

2364 days
ecc =0.463

2002 days

0.242 days

0.311 days

0.200 days

0.302 days
ecc=0.181

age
0.0 Myr

17.1 Myr

17.1 Myr

18.7 Myr

18.7 Myr

40.1 Myr

40.1 Myr

41.4 Myr

41.4 Myr

41.4 Myr

0 days 1339 Myr

Tauris & van den Heuvel (2022)



Common-Envelope + Spiral-in Evolution

Dynamically unstable mass transfer: =
* deep convective envelope of donor star .
(rapid expasion in response to mass loss) 1
* Myonor > Maceretor U

(orbit shrinks in response to mass loss) common envelope ‘

drag force — dissipation of orb. ang. mom. + deposition of E_,, in the envelope

Outcome HMXBs — CE:
rejection of stellar envelope

e CE: huge reduction of orbital separation (NS/BH orbiting a naked helium star)

merging of NS/BH + core
(Thorne-Zytkow object / BH)

AEIl 2021 Thomas Tauris 32



COMMON-ENVELOPE EVOLUTION
. GI\/Idonor M NS da

3

E,, =———donor NS =% _ £(u)zR2 v
orb 2a2 dt é:(/,l) accpdonor

Dissipation of E_,, by drag force (Bondi & Hoyle 1944)

Webbink (1984) efficiency parameter

. I\/Idonor G M (r) Mdonor
o= [ MO gy o g, U am

r M core

gravitational binding energy

internal thermodynamic energy ' ‘ A * W

Han et al. (1994, 1995) e thermal energy . 7 i
* energy of radiation
* ionization energy
AE| 2021 » Fermi energy of e-gas

35
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i 2003MNRAS. 341

388  Ph. Podsiadlowski, S. Rappaport and Z. Han

. *
B - = <
~ 1 ,.EJ
=!1]
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o4
| 4 _
s} 2]
o - - ™ -
J 1 1 1 ] l | 1 Il 1 1 Il
o 500 1000 1500 2000 2500 o 500 1000 1500 2000 2500
R (Rg) R (Rg)
Figure 1. The envelope structure parameter 4 as a function of stellar radius for different masses as indicated after hydrogen has been exhausted in the core. In
the panels on the left, A only includes the gravitational binding energy, while on the right X includes both the gravitatig benergy (similar to
Dewi & Tauris (2000)). The dotted curves are calculated without inclusion of a stellar wind. Note that in this casg largest radii

attained by the models.

A=0.01~100
M

d/{”g env Dewi & Tauris (2000, 2001)
L Podsiadlowski et al. (2003)

de Kool (1990) Xu & Li (2010)
Loveridge et al. (2011)
Kruckow et al. (2016)

AE| 2021




Common-Envelope + Spiral-in Evolution

Dynamically unstable run-away mass transfer:
N

‘ . tight binary
or

merger

M GM

donor env — core NS donor

2a.

|\/INS

A4=0.01~100

a a
;:M; — 1 ~10%-10"
Q M MZ + 2I\/Ienv / (UCE/’trL) ai

i donor

AEIl 2021 Thomas Tauris 35



COMMON ENVELOPE

36

Can an in-spiralling BH or NS eject the envelope of a massive star?
Minimum mass of in-spiralling star to successfully eject the envelope?

1051

—

[
Th
[=]

|Ebingl (e18)

109}

1 048

Kruckow, Tauris, Langer, Szecsi, Marchant & Podsiadlowski (2016), A&A
Common-envelope ejection in massive binary stars
— Implications for the progenitors of GW150914 and GW151226

i Mﬂmh

MW Zwi8 % _
a- 8My —+— 8 M, L
--=-- ISM@ — ].SM@ ; ;‘m
25 M, 26 M, b
g 40 My —+— 39 M, E
-a- 80My; —— 88 M,
10 100 1000
Stellar Radius, Ryonor (Ro)
Example:
M=15M
©

M=15M
0]

|I|"“3-:.|'r'|ir1 [M E}:I

||||||||||||||IIIIII||||IIIIIIIIIIIIIIIIIIII:
Mllky '.I'mg,r (=4, o)

100 Ry

300 Ry,

1000 Ry
— R

[ N B T TS P R T R

max

a0

o 10 60 70 80 90 100 110
t MZA.I'-.'IS I:rl"llll.‘:.‘l:I

WD-WD NS-NS

R <500 R@ no CE ejection - coalescence

R>500R
®

succesful CE ejection



CE EJECTION

Bifurcation point ?

Bifurcation point ?
Tauris & Dewi (2001)
Ivanova (2011)

Kruckow et al. (2016)
Marchant et al. (2021)

Tauris & Dewi (2001)

AEIl 2021
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COMMON ENVELOPE 38

Where does the envelope ejection terminate?

Kruckow et al. (2016), A&A

| o o . 'fl,flxlxlflf;fl;flflflj}};/l;{flzlflxlf;II 88 M@ star Q Z = Z®/50
105tk N convection 7/ i
A N Ega — R =3530 R
10% Eping — 1
_10%} — Point of no return
% 048 AEorb,lj NS
S 1 n
————— AE o ) )
n " — Minimum in-spiral
1047 . AEorb, 10
AEorb,Z() BH
1046 - AEerrb,-ﬂ-(] \L :
1045 | A‘Eerrb,S() ]

Mass coofdinate, m (Mg)

30 35 40 45 SDT 55 60 65 70 75

Core boundary: X,=0.10
(close to local max. sonic velocity)



COMMON ENVELOPE

Kruckow et al. (2016), A&A

r . ; ——rrrry SR —— —
\L\.\\ LA TTTT AT RT AP Py rirrrlirrrrrrrsy
convection

iy 2 A a3 3y N a2 2 aaaal 2 MNP i | 2
1 10 100 1000
Radius coordinate, r (Ry)

Difference in mass coordinate of about 4 Mg
corresponds to a radius difference by a factor 500!
Extremely important for the final orbital separation.



COMMON ENVELOPES: ADDITOINAL ENERGY SOURCES 40

Additional energy sources to help envelope ejection:

* Recombination energy from outer (cold) layers of donor star
(from H, He, H,) ]

* Released accretion energy from BH during in-spiral

AEace = 1 Mpaac® 7

MEdd —4.4x 1077 Mg yr_l (

Mgnu TCE n T
AE&CC — 1.6 1048 - ( )
S ( M, ) (1000 yr) 020/ (1+ Xg)

Kruckow et al. (2016)

r. = Risco/(GMpu/c?)

More to learn from ongoing and future hydrodynamical simulations



Ultra-stripped pre-SN metal core

post-CE

Case BB RLO

Tauris et al. (2013)

Post-CE evolution of
He-star + NS in close orbit
— bare, pre-SN core just
above Chandrasekhar mass

= lIron core-collapse SN
with very little ejecta
+ formation of low-mass NSs
In NS+NS system

W
7]
-
] ™
(]
- .-"-.__
—— [}
- 4
oA T .
=
1
a 0
-
o
m
b I
.. ... 4 L]
' o
=
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Intermediate-Mass X-ray Binaries
Why are so few IMXBs observed ?

HMXB: wind accretion (beginning atmospheric RLO) jisaad

RLO is dynamically unstable and a CE forms

LMXB: stable RLO

IMXB: wind accretion is too weak, and

RLO is often unstable (or very short)

AEIl 2021 Thomas Tauris



IMF, ®(M)

Binaries undergoing mass reversal

_ producing (WD-NS) systems
Tauris & van den Heuvel (2021) -

| ' L ' 7 T T [ | ' | |

first formed

— - second formed
(non-recycled, young,
eccentric orbit from SN)

5 6 7 8 9 10 11 12 13 14 15

Stellar mass, M (Mg)

AEIl 2021 Thomas Tauris 43



LECTURE 2

Recycling and

Millisecond Pulsars
MSPs

* How fast can they spin?

Why are their B-field strenghts weak?
How much mass do they need to accrete?
What are their orbital periods?

How old are they?

Where are they located (+ kinematics)?
What is the nature of their companion stars?

‘ How do MSPs form?

AEIl 2021 Thomas Tauris
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RecyCIing pUISarS - A detour in the P-Pdot diagram

Tauris & van den Heuvel (2022)

. . « 2394 pulsars in total (high energy and radio) — Feb. 2021

o T ® 263 pulsars in binaries ]
o L ¥¢ 59 pulsars in SN remnants
-Q =3
AAA X
a° ot 35 magnetars,/CCOs/XDINS
- 34 RRATs

o |

O

)

>

=

O

>

-

) -
O ~~~._
i, " graveyard -
O

-

O

an

Spin period, P (sec)
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Millisecond pUISarS - a binary formation scenario

+ Rapid spin
* Small period derivative:

Solution:

* Accretion of mass

Lamb, Pethick & Pines (1973)
Ghosh & Lamb (1979, 1992)

Geppert & Urpin (1994); Konar & Bhattacharya (1997) Magnetic-dipole model
.~ indu ed B-f\e\d Qecay
cretion ! dissipation! d‘ﬁu.s‘odown
" ohm\Ge Jlsion via SPI”
_ Flux tube d pburial (screenind
_ B-fiel Thomas Tauris 46



Pulsar companion stars

245 binary pulsars with measured P, Tauris & van den Heuvel (2022)
T T |l| T T T T T T I|| T T T T T |I| T T T T T T ||| T T T T LI
B B
L \7g \7-0 * ]
< 7071 O 1072 7
- L W G N
| B A, D‘ i%* -
W
| B . W . -
O-7070 ¢ .
.D_ - -
(@) © “ e
o[ B
) i ¢ O |
[ ]
= - Bsy * .
Ea . _
5 2| * |
o L 4
b i e He WD i
. L 8 _
3 0 & CO/ONeMg WD
@) I O NS |
[N - —
| Y¢ MS star
* Ultra light |
N 707 _
o Globular cluster
- e.>|< -
1 1 llll H( 1 1 Q 1 ll'[ 1 1 1 1 111 II 1 1 1 1 1 llll 1 1 1 1 |
1 10 100 1000 10%

Spin period, P (ms)



Orbital period (days)

Origin of binary radio pulsars - wWhich X-ray Binaries?

T T T I T T T T T .

O —

O —l

2 companion star: :

- ® He WD E

O e

= ® CO WD _

< O NS ]

IMXB early case B :

O O .: [:] “‘ i

- & Jle . ¢ MS |

N : o, 5

L % Ultra light :

kB o Globular cluster |

W e 1. l

© 3 # HMXB E

IMXB case C (CE) ™ -

— LMXB case A i
(6 1 1 1 | 1 1 | | 1 1 1 | 1 1 ] | L | | | :

&0 0.4 0.8 12 1.6 2

Mass of companion, Mcomp/M®

touris 12—Feb—2011

17:05



Progenitor

Initial orbita ' m\
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O ZAMS O o O

low-mass He WD He WD COWD COWD COWD He WD
sub-stellar dwarf w— redbacks (He WD) ONeMg WD (COWD)
single MSP xblack widows 50

planets



LMXB bifurcation period

Tutukov et al. (1985)
4 Pylyser & Savonije (1988, 1989
Porb;L:\D/lt;(iE h"b‘tl iod 8.1 209 | |
snorten elr orpital perio Istrate et al. (2014)

Chen et al. (2021)

Donor star still on main sequence
RLO driven by loss of J ., (MB, GWs)

MA & LI

Period (days)

10

. S . Time (Gyr)
”Black widow” millisecond pulsars: N

P <10hrs M__<0.1 |v| Roberts (2012)

Breton et al. (2013)
Evaporation = single millisecond pulsars { ? Chen et al. (2013)

comp.

AEIl 2021 Thomas Tauris 52



Single Millisecond Pulsars

All single millisecond pulsars are born in a binary system.

Once a recycled millisecond pulsar turns on its emission of
ultra-relativistic particles, it is often able to completely

evaporate its companion and thus end up as an isolated
millisecond pulsar.

Observational evidence:

v' eclipsing MSPs with 0.02 M,,, companions
v" the "planetary pulsar”, PSR 1257+12

%szjsc = f E,.(7R] /47a’)

psr

evaporation timescale
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LMXB diverging systems

I:)orb > I:)bif:
— LMXB widen their orbital period
Donor star is a (sub)giant

RLO driven by nuclear expansion

T.M. Tauris & G.J. Savonije: Formation of millisecons

Formation of BMSPs with He-WD:

= T R
o™ Myp correlatior

P, >1day

00 Mg

0.18<M,, <0.46 M,

Unique relation between P_,, and M,

Savonije (1987)

Joss, Rappaport & Lewis (1987)
Rappaport et al. (1995)

Tauris & Savonije (1999)

Istrate et al. (2016) \

match observations well

P 1/4.50 .E.
orb/days 1
:[1.2><165] +0.120
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Pov — Myyp correlation for He-WDs

Tauris & van den Heuvel (2022)

[ T T T T | T T T T I T T T T I T T T T ]
o
8 - 1599 Myy—P,,, relation _
~—~ ° F -
g i ]
- i I T 0337+17150 ’
© O
~ O —
— 1713+0747 +—@— A\ 3
a C QOQ .
o C ]
o L ]
N L i
1855+09 ——
- © L 1918-0642 +—&—® ! —
8 - 0837-4715 r@s o Radio pulsar WD companions 3
© L 0740+2620 Y Triple system 4
oN R 0337+1715i . 4
S 0243+1711 @ ﬁ% 19093744 ® Binary system
= T ' 5‘ 1910—5959A A Globular cluster binary E
_O C |—.—|Ie n
5 B 101245307 | g | 173840333 Eclipsing optical WD binaries ]
- 0751+1807 O dA+(pre)WD / EL CVn -
. L @ 0348+0432 (Kepler/TESS/ground obs.) _
O E 3
: | 1 | | | 1 | 1 l I | | | 1 | | 1 | 1 :
0.1 0.2 0.3 0.4 0.5



P.., — Myp correlation for He-WDs

On the red giant branch (hydrogen shell burning), the growth of the degenerate He core mass

is directly related to the luminosity of the star
Temperature is almost constant on the Hvashi track = L oc R? L=47R°0T,,

Hence there is a relation betweer. M_,,. 4nd R (Thomas 1967) independent of M,,,,

The donor star fills its Roche-lobe during the mass transfer = R is correlated with P,

X=0.70 Z=0.02
a=2.0 6,,=0.10

0.215 514 0 1.217

" Single star (X=0.70, Z=0.02 and o=2.0).
** Binary donor (PZ4MS = 60.0 days and Mxs = 1.3 M)




Eccentric MSPs: PSR J2234+06 (Deneva et al. 2013)
PSR J1946+3417 (Barr et al. 2013)
PSR J1950+2414 (Knispel et al. 2015)

WDNS systems: PSR B2303+46
(Tauris & Sennels, 2000) PSR J1141-6545

T T lllllll T T UL

o | s W =
I Proposed hypothesis

0T for eccentric MSPs:
O I - Freire & Tauris (2014)
8 ch - - Antoniadis (2014)
= | O N§ companion * - Jiang, Li, Dey & Dey (2015)
© "? Y% MS star companion
> i ®
= o« . @ e
O | ‘@ ®
: S
46 | L)
o v | o gl "@‘
o | IC
O
o . L @

© Circularization 0’ . _

| [~ by tidal forces M ® He WD companion

" Phinney (1992) 4 CO/ONeMg WD companion
'T |_Phinney & Kulkarni (1994) * Ultra light componlion
IIII 1 1 11 IIIII 1 1 | | IIIII 1 1 11 1 I I

0.01 0.1 1 10 100 1000 10*

Orbital period, P_, (days)



Dynamical Effects of Asymmetric SNe

As a consequence of sudden mass loss and imparted kicks in SNe, radio pulsars have
large velocities (0-1000 km s'1) and a wide scatter in their Galactic height distribution.

» Most (90%) of all potential LMXB systems are disrupted because of the SN.

 |If SNe were purely symmetric then binary systems would be disrupted if AM/M > Y4
(as a consequence of the virial theorem). Thus a kick can also help to keep systems bound
if the direction of the kick is towards the companion star.

As a result of non-radial hydrodynamical instabilities newborn NSs receive a momentum
kick at birth (resulting in a kick velocity of ~ 500 km s1).

The exact origin is still uncertain but is probably related to neutrino-driven convection
bubbles, standing accretion shock instabilities (SASI) in the proto NS or other anisotropies
in the ejecta which accelerate the proto-NS via the gravitational tug-boat mechanism, or
simiply an asymmetric neutrino outflow (see Janka 2012 for a review).

Analytical equations for calculating dynamical effects of SNe:
* Hills (1983) for binaries

* Tauris & Takens (1998) for the full general case
(disrupted and bound binaries, incl. SN shell impact)
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Accreted mass to spin up pulsar

¥
o

0.2

stellar evolution code
AlJ / (w, ) M(t) /GM (t)rmag(t) E(t) dt ST HVe
x = nl{w, / / I'mag : - .
IMXB
T U \ I T T T T T T T T Lr‘_) R HMXB -
Tauris, Langer & Kramer (2012) ~
R o L
L PSR J1614—-2230
\
i |
_ |
1073 0.01

Accreted mass, AM (Mg)

0.1

Mass needed to spin up pulsar:

(M / MO)1/3

4/3
ms

AM,, ~0.22M,

1 1 11 l

i

Equilibrium spin period, P, (ms)

Spin period, P (sec)

0.7
2
5

10

50

He WD

CO WD

0.1

0.40
0.10
0.03
0.01
0.001



Tauris, Langer & Kramer (2012)

Spin-up line in the PP-diagram VARG, 425 1603

QNS = QK(Tmag) Spin equilibrium

3
I 1 . .
P =27,/ =~ A r._(M,B) A B(P,P)
€q mag 1 )
GM o,
1n 5/3D4/3 i w"_}
. 21/6 GS/3 MM P : ) - -a.ﬁ_- - -
P=" I . (14sin®a)- 9" - ") spin-up line in PP —diagram
Tauris, Langer & Kramer (2012)
disk —magnetosphere parameters:
|j Rmag - (DRAvaen
_ Kep.
QNS - a)c Qmag

Innerdisc radius

Classical spin-up line
e.g. Bhattacharya & van den Heuvel (1991)

Acc réion disc Inner hot fow



Period derivative, log P

—20 —19 -18 —-17 =16

=21

Spin-up line

Tauris, Langer & Kramer (2012)

—
—

— -5‘
$=°

© J0218+4232
Bro37+21 &,

Spin period, P (ms)

- . 0} J1801-3210 S
= ° P ° ) —
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Roche-lobe decoupli

rmag = rco rmag > IFco rmag > rIc
LI PRELBEL ERL LT NNLANLENRN | 0 0 0 | (LI NN
;g; - equilibrium spin propeller radio pulsar |
by i
€
O
~— % |
z sw = 0.02
o
[ O _
: ™
ot (o
4 S o
i 5 @ i
S e 800 850 900 950 1000 1050 1100
g § 1.53 Mg NS Age of LMXB (Myr)
;g{ 3 F 0.24 Mg c:mponion :
"I P, =51 2
of ~ ) H Edipole (t)
3t N(t) = n(w)| M (t)./GM r__(1) &+ _
; e o (t) Q(t)
[ mag
o dededededededeaa Lo ol s o o PRI Y
800 850 900 950 1000 1050 1100

Age of LMXB (Myr)

(ms)

Equilibrium spin is broken

Propeller

Spin period, P

850 900 950

800 1000

Age of LMXB (Myr)

Tauris (2012), Science 335, 561
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Fic. 6—Long-term frequency history for all pulsars detected by BATSE that were previously known. The squares show the pre-BATSE data taken from
Magase (1989) and additional references. The line is the BATSE data, which we discuss later in great detail. The long-term frequency history for X-ray pulsars
observed by BATSE that were known prior to the Compton Observatory launch commences 1991 April. For Her X-1, Cen X-3, Vela X-1, 4U 1538— 52, GX
301—2, 410 0115+ 634, and EXO 2030+ 375, all frequencies have been orbitally corrected. For OAO 1657 — 415, G5 0834430, 25 1417—62, and
A0535 + 262, orbital corrections have been applied only to the BATSE observations. No orbital corrections have been applied for 41U 1626 — 67, GX 1+4, 4U
1145619, or A1118 — 615, which have unknown, or incompletely known, orbital elements. The BATSE frequencies for OAQ 1657— 415, GS 0834 —430,

Nagase (1989), Bildsten et al. (1997)
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Accretion Disks

High specific ang.mom. of accreted gas in binary

— formation of accretion disk
(ang.mom. is transported outward via viscous stresses)

Turbulent-enhanced viscosity models (e.g. a-model by Shakura & Sunyaev (1973))
- If accretion rate is < 0.01 MEdd: thin disk (high opacity) or ADAF (low opacity)

- If accretion rate is about Mgy slim disks
- If accretion rate is > My4: torus (with collimated beam of radiation)

inner disk C—j

Spin-up lines in P-P, ., diagram depend on nature of accretion disk model
(optically thick/thin and gas/radiation pressure dominated)

Magnetic stresses truncate the Keplerian disk flow: R
- transition zone between disk and magnetosphere IS

R

OCMa,leMC

inner disk
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Accretion-Induced Magnetic Field Decay

induction equation:

2
B _ —C—ﬁxtixﬁx I§J +Vx(VxB)

-— NS crust

ot A Oy

%f—/

NS core

. " n wl!
convective transport of Oel

accreted material (Hall term)
ohmic dissipation (diffusion)

Oe =0y (T"O’ A’Z’Q) Note: residual B-field ~108 G

(observed in millisecond pulsars)

due to superconducting interior
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Albert-Einstein Institute Lectures 2021
Thomas Tauris @ Aarhus University

Lectures 1+2: Wednesday May 12, 10:00 — 12:00
X-ray Binaries and Recycling Millisecond Pulsars

Lectures 3+4: Friday May 14, 10:00 -12:00
Spin and B-field Evolution of Neutron Stars (+ Black Hole Spins)

Lectures 5+6: Wednesday May 19, 10:00 — 12:00
Formation of Binary Neutron Stars/Black Holes

Lectures 7+8: Friday May 21, 10:00 - 12:00

Binary Neutron Stars and Gravitational Waves at Low and High Frequencies

You are most welcome to ask questions any time ©

AEl 2021 Thomas Tauris
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NEUTRON-STAR ACCRETION

'MASSIVE STAR,
: PRODUCING

ACCRETION
RADIUS
r

I\ accr
N

ACCRETIm /
N
ROTATING
MAGNE TOSPHERE

\\\.
N
ORBIT OF
NEUTRON STAR

Davidson & Ostriker (1973)
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Neutron star accretion

Phases of accretion:

e |.lIsolated pulsar
¢ ||l. Gunn-Ostriker mechanism
e |ll. Propeller phase

e |V. Rapid accretion

Consider a young pulsar with
initial high values of Q2 and B
which evolves through four
phases of accretion while the
values of Q2 and B decrease.

AEIl 2021

Thomas Tauris
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Phase |

Isolated pulsar: rgg, > Faee

Wind plasma is stopped by pressure of magneto-
dipole radiation outside the radius of gravitational
capture. The pulsar evolves as an isolated pulsar.

Pdi'pole ~ P‘r‘am

E _ y continuity
dipole C equation

energy

Edipole

2 = 2
A7 0o C A7V 0o C

pressure = ————
volume

Over time, the pulsar loses rotational
W energy and Q decreases, causing Iy,

to decrease... — Phase Il
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Phase |l

Gunn-Ostriker mechanism: e, Fa > lgop,

NOW o < Iaee- HOWeVer, the Alfven radius is located
outside the light cylinder and matter cannot couple to the

rIc

magnetosphere with v > ¢. Therefore, matter is accelerated / e

to relativistic energies by magnetodipole waves. \

B(?"A)z 1 9 Rns 3 2GMNS
s~ P Us aw -5 (7 ) Wlors = =

perfect dipole approx. radial velocity

Po = 4ra? Vs

location of Alfven radius

continuity equation accretion rate (solid angle accretion)

location of light cylinder
(distance from spin axis)

Over time, (2 decreases, causing
e OX . to increase... — Phase I

ra o< BYT MG
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Phase Il

Propeller effect: r.>r,>r,,

Accreted matter couples to magnetosphere in super-Keplerian

orbits (Feentritugal > Fgravitationar) @Nd thus material piles up near

magnetospheric boundary, which creates a strong braking torque
(wind carries off ang. mom.)

1/3
j co-rotation radius (Keplerian velocity)

spin-down rate

—2/3 Braking torque causes €2 to
decrease... — Phase IV
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Phase IV N

Neutron star accretion: r, <rg, ]

N
r(‘O N

| =M /GM I, & ¢ =0.01~0.1, if no disk is formed (wind) ~ ~---\-"_
- = \/T &4 if accretion disk is formed (RLO)

equilibrium spin period!

See eq. forr,

see spin-up line in (P,ﬁ)

Accretion Is possible if P> P,

In equllibrium r_, moves alternately
iInside and outside r,.
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