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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.
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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 ©



SPIN AND B-FIELD EVOLUTION OF

NEUTRON STARS (+ BLACK HOLE SPIN)
AEI LECTURES 3+4

Observational aspects of radio pulsars

e The radio pulsar population in the Milky Way

* Pulse profiles / Scintillation / Dispersion measure
* Emission properties

Spin evolution of pulsars in the PP- dlagram

* The magnetic dipole model

e Gravitational wave emission

* Evolution with B-field decay

* Evolution with gravitational wave emission £
* The braking index Se\f-studV 0

True ages of radio pulsars equa’c'\ons

Magnetars
* Soft gamma-ray repeaters (SGRs) and Anomalous X-ray pulsars (AXPs)

BH spins

e BHs in X-ray binaries (continuum spectrum fitting)
e Origin and evolution of X- binary BH spins

AEIl 2021 Thomas Tauris



Radio Pulsars

A pulsar is a perfect physics laboratory:
v v =700 Hz (P=1,4 ms — 23 sec.)

v B=10"88 Rotation axis Radio signal  periog

v En=10° Lg (F=10*Fg) ] L

vV M=14Mg e
v" R =10 km

Particle physics
Nuclear physics
Solid state physics
Atom physics
v TeV y-rays
v e accelerated to 10*%eV, A$ =10"° Volts Plasma physics
Perfect clock:

v/ P =0.001557 806 448 872 75 seconds (PSR 1937+21)

Giant atomic nucleus:
v A=10"’ baryons, p.,.. = 2-10 Pruclear

Magnetosphere:
v" production of 10%° (e, e") per second

AEIl 2021 Thomas Tauris
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Radio Pulsar Emission

The surface intensity of the radio emission, | using a Planck function demonstrates

that if the radio emission was caused by thermal black body radiation one would

obtain an extremely high brightness temperature (leading to absurdly large particle energies)
and therefore the radiation mechanism of a radio pulsar must be coherent

(Most models invoke curvature radiation or a maser mechanism).

2hy? 1
T2 MR g

Planck function Empirical evidence

Crab: f=048Jy @ 436 MHz
(1Jansky =10 ergcm™ s Hz " st™)

Spectral flux density

(lvocva, a:—1.5)

= kT ~10%eV (T ~10% K)
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DETECTING RADIO PULSARS REQUIRES HUGE TELESCOPES 6
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~ 2800 radio pulsars gy

~ 50 X-ray pulsars # AXPs and SGRs
+ High—energy {only) psrs

~ 300 neutron stars in X-ray binary systems * Radio pulsars
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va explosions)

- Pulsar
- Large sp
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Detected radio pulsars in our Milky Way:

oLk . .+ « Galactic center

_1[} B i . .-,. - - —




Discovery of radio pulsars with the SKA
(Square-Kilometre Array):

Will increase number
of known pulsars by a
factor 5-10

(Keane et al. 2015)

s

W '* AU = .»"' 3 '.. R 2’?
S D N RS T S
; “w ;

u‘ﬁﬁ § .

Phase | @ 2023 — Phase Il @ 2030 — Frequency range: 50 MHz to 14 GHz.

e SKA-low array (50 — 350 MHz) (dipole antennas)

e SKA-mid array (350 MHz — 14 GHz) (15 m. dish antennas)

e SKA-survey array (350 MHz — 4 GHz) (a compact array of parabolic dishes)

AEI| 2021 Thomas Tauris 11


http://www.youtube.com/watch?v=y07ZAocCjhQ

Pulsar pulse profiles

r Rotation axis
Duty cycle: 1-5% for slow pulsars b

AP /PHS
0 10% 2%10'3x10%4x10"

Observer
direction

AP /PHS

0 2x10%4x10'6x10*
L2 L4 L

0

Equator

Rotational phase
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Pulsar pulse profiles

436, 660, 1420 MHz
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oot
et
.....
..................
.
-

PSR
133+ 16

AEIl 2021 Thomas Tauris 13



CRIB ponBisse

VELA  PSRBI706-44 PSRBIS51432 GEMINGA PSR B1055-52

| —

ek W

=
Ve

T

(INTENSITY AS A FUNCTION OF TIME

\ radio emission beam

-89 mSEC P~ 237mSEC P - 197 mSEC

I P
d s

.

IN FRACTIONS OF

axis of rotation

gamma-ray emission beam
from outer acceleration gap

15



AEl 2021

PULSE NUMBER
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Pulsar pulse profiles
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Distance determination of pulsars

452 MHz

256 channels §

*125 kHz v
E
436 MHz—+
70 cm ¥
E:
420 MHz S |

0 0.2 04 06 08 ]
Pulse phase (periods)
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Determination of the stellar wind mass-loss rate
of a B-star in the SMC using the binary pulsar
PSR J0045-7319 (kaspi, Tauris & Manchester 1995)

pulsar

dd—'\t/' < 3x10H Mg yr

Most accurate method to determine a stellar wind

AEIl 2021 Thomas Tauris 19



ATOMIC CLOCKS IN SPACE - DETECTION OF GRAVITATIONAL WAVES 19
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ATOMIC CLOCKS IN SPACE - DETECTION OF FRAME DRAGGING 20

PSR J1141-6545

r N video
™ ‘~.  "-©MarcMyers/OzGrav htt S. Outu.be GObBMCA 9ZM

RESEARCH

Science

GRAVITATION

Lense-Thirring frame dragging induced by a
fast-rotating white dwarf in a binary pulsar system

V. Venkatraman Krishnan2*, M. Bailes™®, W. van Straten?, N. Wex2, P. C. C. Freire?, E. F. Keane'®,
T. M. Tauris®®”7, P. A. Rosado't, N. D. R. Bhat®, C. Flynn, A. Jameson’, S. Ostowski

AEl 2021 Py


https://www.youtube.com/embed/GOb3MCAg9zM

ATOMIC CLOCKS IN SPACE - THE PERFECT CIRCLE.... OR SPIRAL

assume an ellipse in flat spacetime

/

ecc = 3 5x10 7

PSR J1738+0333
Antoniadis et al. (2012)

Thomas Tauris 23
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Period derivative, log If)ObS
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Tauris & van den Heuvel (2022)

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

® 263 pulsars in binaries

- ¥ 59 pulsars in SN remnants
A~ A 35 magnetars/CCOs/XDINS
— 34 RRATs

1073 0.01 0.1 1 10

Spin period, P (sec)
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Spin evolution of pulsars [T I T A
h iS.O)V 7 = 4
Radio pulsar (P,P) diagram N SN LR
. o~ AXP &
The magnetic-dipole model: T J0540-6919 5 AT
. 2 o
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GRAVITATIONAL WAVES FROM PULSARS 24

Acceleration of charged particles |:> electromagnetic waves:

\N\NUV\IV\/\AM/\/\N\/\/\/\M ()
1

6
10 10

‘Wavelenght (m)

Acceleration of masses |:> gravitational waves: (approximately true)




GRAVITATIONAL WAVES FROM PULSARS 25

A time-varying quadrupole moment* gives rise to
emission of gravitational waves with an amplitude:

2G° .. quadrupole moment

by, = A QW
~— (Newtonian quadrupole-approximation)
distance to source

An asymmetric distribution of mass with respect to the spin axis:

>

[] no gravitational waves v’ gravitational waves



BUILD YOUR OWN GRAVITATIONAL WAVE SOURCE?

26

A rough estimate:

dE CT ..  MR? M3
L = = ~ M R? ~ ~
GW dt 505 <Q,uy Quu> Q = Q T3 R
where (M,R,T,v) are characteristic values for the source
1 mm "mountain” on a neutron star: steel cylinder: P
M=1.4Mg M = 140.000 kg
R=10km, Ar=1 mm R=20m(dia=1m)
Q =27v=1000 rad s v=300m s
| ~MR? Low =103 ergs! Low =107 ergst
|dE| 32G (2 2 ~6
= = | Q
Lo dt 55 °
oo a-b JAr a factor ~ 1090 in difference!!!
(a+b)/2 R

ellipticity perpendicular to spin axis




EARLY GRAVITATIONAL WAVE DETECTORS 27

Resonance mass detectors

Auriga, Padova — 2009

Joseph Weber 1960s



Spin evolution of pulsars

() Q=-kQ" the deceleration law, () n= et Is the braking index

QZ
@ oure deOIe Differentiate Eq.(2)
@ pure gravitar (only spin-down by gravitational wave radiation)
n—1 Characteristic age
P P P
true age of pulsars: t= ~-|1-| = = 7=— , for P>»PF, n=3
o (-DP P o 2P
Integrate Eq.(2)
: 2 . : 32 G
E, .o)——|mf |m|~BRQsina ———|25296
3C3 slecon!j derivative of magnetic moment 5 C5
. . . . . a— b
Erot = 1QQ = Edipole + Eplasma + ng &=
(a+b)/2
For example: ellipticity (asymmetry L rotation axis)
O B(t) = BO . e_t/TD Insert into Eq.(1) and integrate will yield Eq.(7)
_ 1 T 2T P
P(t)2=P2+B2z (1—e 2“%).— t="Dn| ££41] =
@ Pt =R +By 7o z Ot=7n T

Combine Egs.(1), (5), (6) and (7)
AEI 2021 30



Spin evolution of pulsars

O QO=-kQ" = n:%:Z—E A P"?P =const

Given (P,,P,n=const,t) we cancalculate P(t) and P(t):

5  \n-1 2-n
0 Po-r[1(-n2[" po-p[2Y

0 0
substitute P = 2/} into Eq.(2)
and integrate yields Eq.(9)  (cf. Lazarus et al. (2014) for evolutionary tracks)

Slope in the (P, P)—diagram: 2-n

Ll

log P /

B = const; Poc% = -1

r=constt PcP = +1

death line: ApxcB/P? <& PxP?® = +3

Electrostatic potential across polar caps

spin-up line: P, «B%" < PocP® = +4/3

log P

AEIl 2021 Thomas Tauris 31



546

Spin evolution of pulsars

T. M. Tauris and S. Konar: Torque decay in the pulsar (F, P] diagram

Tauris & Konar (2001)
(o]
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B-field decay in neutron stars, via crustal ohmic dissipation
and diffusion, and its dependence on input physics.

E_mB-fieIds

T. M. Tauris and S. Konar: Torque
oB ~\ C° 1 =
= =V xB)——Vx —xVxB
| ' ' ' 6t A o
£ 3C I
T B= | pp
87° Ry
‘;IL N A.2. The field evolution equation
We use the form of B(r,#,¢) given by Eq. (A.3) to cast
Eq. (A.T) in terms of the Stokes’ stream function.
0w I. The left hand side:
- = F
o ! OB _ 9V xA
at ot
B d |[g(r.6) sinf| - .
!i B _ =V x e [f] . (A.10)
&
’ | II. The right hand side:
& i : ._\-' & " " _;' - 1
N A - Vx| =-V=xB|=
. V; a
. , L
N f_z T« l? y (Qmsﬁ'zg[r,f} o sin dggr,t] é)} _
Py T R BT R K r r dr
ho™? 0.01 0.1 1 10
[ 1 siné [dg(r,t) 2g(r.t)\ -
B [s] 2 AELIR - A
Vo o or ( ar? r? ¢ (A.11)

Fig. 6. Evolutionary tracks in the (P, PJ diagram assuming
Py =10 ms and B, = 10711 (Bp = 10%? G) calculated from
po = 1011 —10" g em— and Q = 0—0.10 — see text. Each track
was followed for 100 Myr. The small dots represent data.

Incorporation of the expressions (A.10) and (A.11) in

Eq. (A.T) then leads to:

dg(r,t) ¢ [8%g(rt) _ 2g(r.t)
gt dmo 12 rl

(A.12)



B-fields

More advanced calculations by Vigano et al. (2013)

SGR 1806
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Magnetars

Reviews: Turolla, Zane and Watts (2015)
Kaspi & Beloborodov (2017)

A magnetar is a type of neutron star with an extremely
high B-field, the decay of which powers the high-
energy emission of anomalous X-ray pulsars (AXPSs)
and soft gamma-ray repeaters (SGRs).

Duncan & Thompson & (1992) developed the theory to explain these objects.

Support for this extreme B-field picture comes from:

1) Location in P-Pg, diagram .

2) Cannot be radio pulsars b/c Lx >> E

3) Cannot be X-ray binaries b/c absence of Doppler modulation in timing data

4) Cannot be neutron stars accreting from a fall-back disk b/c of detection of flares
5) Bursts can be explained by magnetic giant flares

Magnetars are detected both as persistent (quiescent) sources and burst sources.

There are currently 30 known magnetars: 16 SGRs and 14 AXPs New magnetar
according to McGill SGR/AXP online catalogue: ATel# 13559

https://www.physics.mcgill.ca/~pulsar/magnetar/main.html March 17, 2020
with various burst, transient and persistent properties

AEI| 2021 Thomas Tauris 35


http://www.physics.mcgill.ca/~pulsar/magnetar/main.html

Examples of magnetars (from silvia zane)

E
(10%G)

KT (keV)
/T

L (10* erg/s)
(0.2-10keV)

comments

4U 0142+61
RXS J1708-4009
1E 1841-045

1E 2259+586
CXO J0100-72
1E 1048-5937
1E 1547-5408
XTE 1810-197
CXO 1647-4552
AX J1845-0258

Kes 73
CTB 109
in SMC

in Wes1
G29.6+0.1

7.0

1.3
4.7
7.1
0.6
3.9
3.9
2.2
2.9
1.5

0.46/3.4
0.44/24
0.44/2.0
0.41/3.8
0.38/2.0
0.63/2.9
0.52/2.9
0.67 /3.7
0.68/2.0
/4.6

72
80-190
110
17 - 159
200
9.3 - 250
26-170
5 - 260
1-130
2-120

hard X
hard X
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~ transient/hard X

~ transient
transient/radio
transient/radio

transient

transient

SGR 1900+14
SGR 1806-20
SGR 0526-66
SGR 1627-41

OB
OB
in LMC
G337.0-0.1?

2.2
7.5
8.0
6.4 7

2.7
7.8
7.4

0.43/2.0
06/14
0.53/3.1
/2.9

200 - 350
320 - 540
260
4 - 100

GF/hardX
GF/hardX/outburst
GF/?

outburst




Magnetars

4
2 000} Y510

1,000

Countsper0.25 s

The famous March 5, 1979 event
(the largest burst of gamma-rays ever detected)
Notice, the 8.0 sec cycle (spin period of NS).

16 additional small bursts seen between 1979-1983
and since then no burst have been detected.

The source was located in an LMC SN remnant

AEIl 2021 Thomas Tauris 37



\‘H-w.l‘:

100,000 SGR 1900+14
Aug. 27, 1998
Ulysses, 25-150 keV

Tail
Impact on Earth!

5.16-second period

Counts per half-second
o
3
o

1,000

Steady
emission
level

100
S0 60 70 80 90 100 200 300

Time (seconds)

Another famous giant flare (burst) is the August 27, 1998 event
(most intense flux of gamma-ray ever detected)

AEI| 2021 Thomas Tauris 38



Magnetars

A magnetic twist gives rise to
X-ray emissions from a magnetar.

Robert C. Duncan, University of Texas at Austin

Twisted B-fields support excess currents in the magnetosphere.
Detection of resonant cyclotron scattering reveals the B-field strengths.

HER X-1

Magnetic

Vs field wi OS;}\\ PO 0 63. \/1_ 2GM /c’R - (B /10" G) keV

ot s cyclotron
+TH\S WORK s\

KEV

PHOTONS / em? sec

0 07 0
PHOTON ENERGY IN KEV



Magnetars

Giant flares — a fireball model

Huge tension builds up in the crust from magnetic stress

- when released this energy produces a giant flare.

A trapped fireball (orange zone) on the surface of a neutron
star (brown). The fireball, containing positrons ( e*),
electrons ( e ), and high-energy photons (y), is confined by
the magnetic field (dark, arched lines). It loses energy by
emitting hard X-ray photons (orange squiggley arrows)
from its surface. The fireball also contains a trace of heavy
particles (protons and ions) which were blown off the surface
of the neutron star. These heavy particles settle down along
field lines as the fireball loses energy and shrinks.

Robert C. Duncan, University of Texas at Austin

AEIl 2021 Thomas Tauris 40



Magnetars

AEl 2021

Making a magnetar

Hot, newborn star
churns and mixes

Internal convection
carrios off heat

If spinning faster than

200 revolutions/second,
the dynamo action quickly
builds up the magnetic field

Dave Dooling, NASA Marshall Space Fiight Center

Thomas Tauris
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Magnetars: AXPs

01 LONG-TERM RXTE MONITORING OF 1E 1048.1—5937
Year

1980 1985 1990 1995 2000

O. 1554 B | I 1 | | | I | | I | I | | I | I | | | | l l_

L 0.1553 _L { { A =

C 0.19952 = —

= ; S g :

g - By = 3¢ s PP =3.9x10"* G e .

o 0.1551 :— dipole = 452 st =3. _;

v 2 Y, 1

= 0.1550 | | | | ey o

Kaspi et al. (2001), ApJ. 558, 253
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log,, |Period derivative]

Grand Unification of Neutron Stars
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0.1
Period (s

Thomas Tauris

Magnetars are born with rapid spin
which creates extremely high B-fields
due to convection < 10 sec.

XDINs also have high B-fields.

Radio pulsars are born with moderate
B-fields (RRATSs is a subpopulation).

CCOs ("anti-magnetars”) are born with
weak B-fields.

Maybe these neutron star populations
are connected with their evolution

(cf. some radio pulsars have very small
brakning indices and evolve upward

in the PP4,-diagram).

Espinoza et al. (2011), ApJ, 741, L13
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Retrograde
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Figure 7.20: Illustration of the relation between BH spin and the location of the
innermost stable circular orbit (ISCO) which can determined from the accretion

disk spectrum in BH X-ray binaries. Credit: NASA /JPL-Caltech.
44




The BH spin can be estimated in X-ray binaries via:

1.@ray continuum SpECtF@ (e.g. McClintock, Narayan & Steiner 2013)
2. Relativistically broadened iron line (e Reynolds 2013)

3. Quasi-periodic oscillations (e.g. bokuchaev 2013, Motta et al. 2014)

By measuring the radius of the innermost stable circular orbit, R,5co
one can obtain the spin parameter a«

NON-SPINNING BLRCIK HOLE ~ SPINNING BLACK HOLE

44
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Fig. 3 (a) Radius of the ISCO Hisco and of the horizon Ry in units of G_"'.-ff'a:? plotted as a
function of the black hole spin parameter a.. Negative values of as correspond to retrograde
orbits. Note that Rigon decreases monotonically from QGJ".-J‘-I.I'IE'E for a retrograde orbit around
a maximally spinning black hole, to 6GM/c” for a non-spinning black hole, to GM /¢ for a
prograde orbit around a maximally spinning black hole. (b) Profiles of d(L/M)/dIn R, the
differential disk luminosity per logarithmic radius interval normalized by the mass accretion
rate, versus radius R/(GM/c?) for three values of ax. Solid lines are the predictions of the NT
model. The dashed curves from [Zhu et al] (2013), which show minor departures from the NT
model, are discussed in Section

The disk spectrum
(peak emission and temperature)
depends on R go.

Hence, R sco and thus ax«
can be determined from

continuum fitting.



The solution to Einstein’s equations for a rotating
BH was discovered by Kerr (1963). Here shown in
Boyer-Lindquist (1967) coordinates, in which the
line element is given by (Shapiro & Teukolsky, Chap.12):

=2
e :_(1_2“4 fjdtz_wdt dg+ Zdr?
> > A

sin0dg®  (12.7.1)

+>d6° +[r2 +a’ +2M ra’sin” 0]

where the BH is spinning in the ¢ direction, and

>=r°+a’cos’d, (note G=c=1)

Setting a=0 yields the Schwarzchild metric for a non-spinning BH.
The dt d¢ term shows the rotational frame-dragging properties of
a spinning BH.
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The event horizon, Ry, is found when the dr? term in the line element
becomes singular, i.e. when A=0, or:

R,, =M+yJM?-a?

Note, only R,,, has an astrophysical meaning.

The effective potential felt by particles orbiting a BH is given by:
V =E*(r’+a’r+2Ma’)-4aMEl - (r-2M)I> —-m’ra  (12.7.15)
where E, | and m are the binding energy, ang. mom. and particle mass.

non-radial motion of test particles (S&T Fig.12.2)

B. Stable circular orbit
C. Unstable circular orbit

Thomas Tauris 47



For circular orbits, the specific energy and the specific ang. mom. are:

r’—2Mr+aMr
(12.7.17)

M r/r’=3Mr+2a,/Mr

| \/W(rZ.T.Za\/W+a2)
ryr’—3Mr+2a

The so-called photon radius is a singularity in the above equations
(solving for the denominators being equal to zero):

(12.7.18)

r, =2M {1+ cosF cos™(Fa/M )}} (12.7.22)
3

a.={-101} = r,={4M,3M 1M}

A photon sphere is a spherical region of space
where gravity is strong enough that photons are
forced to travel in orbits.

AEIl 2021 Thomas Tauris
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In GR, circular orbits can exist from r=o0 to r=r, , and these can be
both bound or unbound. Furthermore, not all bound orbits are stable.
Using the stability criterion: 6?V/or’=0 yields (after some algebral):

R

isco

Y {3+ Z,%[3-2,)3+2, +2zz)]”2} (12.7.24)

Innermost Stable
1/3 1/3 1/3
Z, 51+(1—a2/M 2) [(1+a/M )" +(1-a/M) J Circular Orbit (ISCO)

12 Bardeen (1972)

Z,=(3a’/M?+Z27)

= Ry, ={9M,6M,1M}

ISCO
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The binding energ)?kat the ISCO is important for the accretion luminosity:

— 2 J—
a_ AW2yL-(E/m)? —2B/m ) o0

m _plus 3\/§ (1—(E / m)z)

={-101} = E/m={/25/27,48/9,1/3]
Thus the maximum energy release is: IENFEEYW:¥X] Of rest-mass energy!
(For a non-spinning BH the energy release is: iENETEET K14 )

*

Defined to be zero at event horizon?
(and not at infinity? Hence, 1-E?)
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Table 7.3: Measured values of BH spins (a4) using the continuum-fitting
method. (After McClintock et al., 2014; Zhao et al., 2020; Reynolds, [2020;
Miller-Jones et al., 2021, and references therein).

Tauris & van den Heuvel (2022)

Source

BH spin (ay)

BH mass (Mpn/Mg)

Persistent X-ray binaries

Cyg X-1 > 0.9985% 21.2 + 2.2
LMC X-1 0.927502 10.9 + 1.4

IC 10 X-1 0.8510 07 15 (assumed)
M33 X-7 0.844+0.05  15.65 + 1.45
Transient X-ray binaries

GRS 19154105 > 0.95 10.1 4+ 0.6
AU 1543—47 0.80+0.10 9.4+ 1.0
GRO J1655—40 0.70+0.10  6.3+0.5
Nova Mus 1991 0.6375 10 11.0+ 1.8
XTE J1550—564 0.3470:3 9.1+ 0.6
LMC X-3 <0.3 7.6+ 1.6
H1743—322 0.2+ 0.3 ~ 8

MAXI J18204070 0.1375-9% 8.5+ 0.7
A0620—00 0.12+0.19 6.6+ 0.25

* Assuming aligned spin. (§ = 15° yields a4 = 0.9696, Miller-Jones et al., 2021).
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The spins of the persistent BHs must be natal:

The accretion rate onto a BH is Eddington limited and the time interval
of accretion is also limited by the age of the companion star.

Consider Cyg X-1:

To acheive requires accretion of if the BH
was born non-spinning (Bardeen 1970; King & Kolb 1999).

For Eddington-limited accretion this requires: p/SmaEEIRITg .
However, the age of the system is only NV \d (Wong et al. 2012).

Also for M33 X-7 and LMC X-1 is (factor 5-6)
McClintock, Narayan & Steiner (2013).

Hence, these BH are born rapidly spinning.
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BHs may lose spin in jets (or from the Penrose process)

Poloidal B-field are twisted by frame-dragging, thereby producing
outgoing Poynting flux along twin jets. Ruffini & wilson (1975); Blandford & Znajek (1977)

Modern GRMHD simulations show that the power carried by the jet

exceeded the total rest mass energy of accreted mass. Tchekhovskoy et al. (2011)
R\

Niet = <Ljet>/ |\7|C2 McClintock, Narayan & Steiner (2013)

2

Magnetic

Angular velocity at the BH horizon

lump of matter

.

Low Speed

Inside the ergosphere spacetime is dragged
along, causing matter being forced to corotate.

In principle, rotational energy of the BH can

be extracted from the ergosphere by the

Penrose (1969) process. 53
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Observational aspects of radio pulsars

gummary

The radio pulsar population in the Milky Way
Pulse profiles / Scintillation / Dispersion measure
Emission properties

Spin evolution of pulsars in the PP- dlagram

The magnetic dipole model

Gravitational wave emission

Evolution with B-field decay

Evolution with gravitational wave emission £
The braking index Se\f-studV 0

True ages of radio pulsars equa’c'\ons

Magnetars

Soft gamma-ray repeaters (SGRs) and Anomalous X-ray pulsars (AXPs)

BH spins

BHs in X-ray binaries (continuum spectrum fitting)
Origin and evolution of X- binary BH spins
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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 ©



