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Albert-Einstein Institute Lectures 2021
Thomas Tauris @ Aarhus University

Lectures 1+2: Wednesday May 12, 10:@012:00
X-ray Binaries and Recycling Millisecond Pulsars

Lectures 3+4. Friday May 14, 10:0012:00
Spin and Hield Evolution of Neutron Stars (+ Black Hole Spins)

Lectures 5+6: Wednesday May 19, 10:@012:00
Formation of Binary Neutron Stars/Black Holes

Lectures 7+8: Friday May 21, 10:0012:00
Binary Neutron Stars and Gravitational Waves at Low and High Frequencies

You are most welcome to ask questions any tide



SPIN ANDBIELD EVOLUTION OF

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

A

Observational aspects of radio pulsars

A The radio pulsar population in the Milky Way

A Pulse profiles / Scintillation / Dispersion measure
Emission properties

A

Spin evolution of pulsars in tHeRdiagram

A’ The magnetic dipole model .

A Gravitational wave emission

A Evolution with Bfield decay

A Evolution with gravitational wave emission £
A The braking index Se\f-stud\l =
A True ages of radio pulsars 1ONS

Magnetars
A Soft gammaay repeaters (SGRs) and Anomalouay{ulsars (AXPS)

BH spins
A BHs in Xay binaries (continuum spectrum fitting)
A Origin and evolution of Ybinary BH spins
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Radio Pulsars

A pulsar is a perfect physics laboratory:
V n =700Hz (P=1,4msi 23 sec.)

v B=10® G Rotation axis Radio signal o

V En=10° Lg (F=10*Fg) ] N

V M=14Mg - rme
V R=10km

Particle physics

Giant atomic nucleus:

V A=10°'baryons, SEE ) Nuclear physics
Magnetosphere: Solid state physics

V' production of 10%° (e, e") per second

Atom physics
V TeV grays
V e accelerated to 10°eV, D f=10"° Volts Plasma physics

Relativit
Perfect clock:

V P =0.001557 806448 872 75 seconds (PSR 1937+21)
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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).

v?° , a
%e‘”%l (In n<, a :1.-5)

Planckfunction Empiricalevidence

Crab: f=0.48Jy @ 436MHz

(LJansky=10% ergcnt s HZ si)

Spectraflux density

Y KkT°10* eV (T °10®° K)
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DETECTING RADIO PULSARS REQUIRES HUGE TELESCOPES 6

Syo0 =10 mJy Sardinia 64 m
400
13yt 1022
Effelsbergl00 m m* CHz

Parkes 64 m

é. radio < kin
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+ High—energy {only) psrs
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Detected radio pulsars in our Milky Way:

o k. . « Galacticcenter |

_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

/& '~ TR RIS =5 = R S =y X
Al e s R S g~
; “w ;

::ﬁy’

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

w {lovarray (50 350 MHz) (dipole antennas)

w {-Mid array (350 MHz 14 GHz) (15 m. dish antennas)

w {-s¥rvey array (350 MHz4 GHz) (a compact array of parabolic dishes)

BB b sy Y08
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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

Rotationalphase
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Pulsar pulse profiles

436, 660, 1420 MHz
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PULSE NUMBER
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Pulsar pulse profiles
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Distance determination of pulsars

452 MHz

256 channels §

*125kHz .
E
436 MHz—
(70cm) =g
=
420 MHz —— = | distance a 1/slope

- ~— e Ay
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Y —— S— ————
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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

O:j_'\t/' <3210 M yrt

Most accurate method to determine a stellar wind

AEIl 2021 Thomas Tauris 19
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RESEARCH

'REPORT | 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
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https://www.youtube.com/embed/GOb3MCAg9zM
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assumean ellipse irflat spacetime

/

ecc=3.5 3107

PSR J1738+0333
Antoniadis et al. (2012)
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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 [~ I T Y
\Gis-o)q + SGR A*
Radio pulsar (P,P) diagram NG NN 1
The magnetic-dipole model: §| -
Edipole =
-
| ]~ NI
Eo = 'C; -
11 1 9 T B
Erot = INSV\NV
U 00 ’
3C3| ol ° @ - '/ Graveyard
B= [—NS PP ®.
80°Ris o P
Q SRS o @ 2
P T o W
[ 1 — Characteristic age (\,\
2P | .
Active pulsar lifetime: 10-50 million yr 107> 0.01 0.1
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GRAVITATIONAL WAVES FROM PULSARS 24

Acceleration of charged particler:> electromagnetic waves

22 20 18 1 14 12 10 8 6 4 2




GRAVITATIONAL WAVES FROM PULSARS

25

Py =

A time-varyingquadrupolemoment* gives rise to
emission ofgravitationalwaveswith anamplitude;

2G

cAd

.. quadrupolemoment

Qv

™~ distance to source

(Newtonianquadrupoleapproximatior)

* Anasymmetriadistribution ofmasswith respectto the spin axis:

<

>

A no gravitationalwaves

\/ gravitationalwaves



BUILD YOUR OWN GRAVITATIONAL WAVE SOURCE?

26

A roughestimate

dE CT .. MR?2 M3
L = = ~ M 2 ~ ~
oW = T 5 Qe Q) QMBS = Qe T~
where (M,R, T,y are characteristiovaluesfor the source
M__ Y NMoustaiE 2V | V:S di0i N&eglcybnder NJ P
M=1.4 Mg M = 140.000 kg
R=10 km,Dr =1 mm R=20 m (dia=1 m)
W= 2pn= 1000 rad st v=300 ms!
| ~MR? Loy = 103%¢ erg st Loy = 10¥%4 erg st
|dE| 302G 2.
1 1?e* %
Low dt  5¢°
a-b  Dr a factor ~ 100 in difference!!

(0]

e=
(a+b)/2 R
ellipticity perpendicularto spin axis




EARLY GRAVITATIONAL WAVE DETECTORS 27

Resonancenassdetectors

Auriga, Padova - 2009

JosephWeber 1960s



Spin evolution of pulsars

() W=k "Wthe deceleration law() n %W is theaking index

@ pure dlpole DifferentiateEq(2)
@ pure gravitar (only spin-down by graatiional wave radiatior

é n-1 o Characteristic age
P € &P , P
true age of pulsarst = e ﬁe—o 8 Yt ;_P , fdP> PR n

. u
(n- 1P g P =
O IntegrateEq(2) @ g H O

T 2 : 32G
B oo D) —| M ||~ BRWsina 2222 §
3C second derivative of magnetic moment 5 C

. . e . . a-b
Erot =1 WW = Edipole E-!p_lasma E g+v e=
(a+h)/2
For example: ellipticity (asymmetry " rotation axis)

O B(t) = BO étltD Insertinto Eq(1) andintegratewill yield Eq(7)

1. . ax 0 P
P(t)? = R? +82¢ (1 e'Zt”D) =0 @ t="=21n 1t ¢ —
@ P? =R |1, 2 O 2 % C_yi_ oP
CombineEqgs(1), (5), (6) and (7)
AEI 2021 30



Spin evolution of pulsars
WW _ PP

O W=k "W ¥n W 2 57 B 2P const
Given (B,,P,,n=const ) we can calculate P t( ) and t(
1
P ®l P(t) "
OPy=Ra {n 927 Po=-Ral 3
R - ¢ h 2

substituted  ¢* 7m into Eq.(2)
andintegrateyieldsEq(9) (cf. Lazarus et al. (2014) for evolutionary tracks)

Slopeinthe P P ) diagram: 2n

Ll

log P

B = const 'P'% Y 1

f=const P P Y %

death line; D( BP UP'P Y +

Electrostatic potential across polar caps

spin-up line: B,” BY" U P” P" Y +4/

log P
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Spin evolution of pulsars

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

Tauris & Konar (2001)
(o]
|
<
T 7
-0 0 ©
- - T 7 =5, 10, 20 Myr P
©L V i
! K
!/
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QL o / i &L 2 / i
! s ' /
s !
'EET1] -{ M T | 'ETTY M  aal ETT1 | T
1072 0.01 0.1 10 1073 0.01 0.1 1 10
P [s] P [s]
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E_@B—fields

B-field decay in neutron stars, via crustal ohmic dissipation

and diffusion, and its dependence on input physics.

T. M. Tauris and S. Konar: Torque

=
|

ogF‘
—16 —14 —12

-18

o

0.01

0.1 1 10
P [s]

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.

Bo ks & Gs B
Mt o ¢S5

3
B= | X lus pp

80°Rys

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.
I. The left hand side:

dB 9V xA

ot ot
B d |[g(r.6) sinf| - .
=V x 5 [f] 0. (A.10)

II. The right hand side:

V x l? X B] =
Lo
T l? 5 (Qmsﬁ'zg[r,f} o sin dggr,t] é)} _
LT r r dr
[ 1 siné [dg(r,t) 2g(r.t)\ -
Vx|—— — — : : All
S ( ar? r2 ) ¢] ( )

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

Eq. (A.T) then leads to:

dg(r,t) ¢ [(d%g(rt) 2g(rt)
gt dmo ar? r? )

(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 Newmagnetar
according to McGill SGR/AXP online catalogue: ATelt 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
hard X

~ 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
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\‘H-w.l‘:

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

b Impacton 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

- field 10\ EPrlN 0 ) g3 (bl LM IR (B®164 G) ke\

ot s cyclotron
+TH\S WORK s\

KEV

PHOTONS / em? sec

0 07 0
PHOTON ENERGY IN KEV



Magnetars

Giant flares 1 afireball 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 ( 2 ) confimed 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
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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 | | | 1 I l_

~ - :

L 0.1553 _t { { A =

iy : . 2

O 0.1552 - =

= B e W g

g - B= s pp 89 20¢ G e -

ok 0.15561 :— dipole 802 RS, _:

o z Ysw. o

= 0.1550 | | | | B oy

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

GrandUnification of Neutron Stars
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AEl 2021

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 ( amti-magnetarso 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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BH spin
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