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Rotation and accretion power in binary
millisecond pulsars
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ACCRETION ONTO A MAGNETIC, SPINNING OBJECT

W
S

- compact object has magnetic field B
- at RM

- disc ram pressure ~ magnetic pressure
- MAGNETOSPHERIC (or Alfvén) RADIUS

- material in disc has angular momentum, what is effect on spin of compact object?
SPINS UP.
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But detection of millisecond pulsars in LMXBs elusive for 20 yrs

Since 1996 XTE has discovered :

* 5 millisecond Pulsars in transient LMXBs, with v

=185-435 Hz

spin

» Coherent oscillations during X-ray bursts in 13 LMXBs

X—ray Count Rate (g7}

In SAX J1808.4-3658 & XTE J1814-338: confirms burst oscillation modulated by the NS spin
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(Chakrabarty et al. 2003 Nature 424 42; Strohmayer et al. 2003 ApJ 596 67)
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Pulsars in a binary will show Doppler related pulse timing delays over the orbit
* will need to know the orbit to resolve pulses (smearing of peaks)

Table 1.3. Observed Properties of Millisecond Accreting Pulsars®

Source f- (Hz) P,h (m) a (lt-ms) f(Mg)
SAX J1808.4—3658"  401.0 120.9 62.809 3.78 x 107°
XTE J0929—3314° 185.1 43.6 6.290 s o el
XTE J1751—3057 435.3 42.4 10.1134  1.278 x 10~ °
XTE J1807—204° 190.6 40.1 4.80 1.54 x 10~7
XTE J1814—338f 314.3 256.5 390.3 2.016 =% 10~*
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- The most accurate clocks probe General Relativity

- Evolutionary scenarios: recycling neutron stars
- Discovery of accreting millisecond pulsars
- Properties of accreting MSP
(magnetic field, X-ray spectrum, spin evolution)
- The spin distribution of accreting MSP

- Transitional millisecond pulsars

- Swinging back and forth radio and X-ray pulsar states
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- Spin periods between ~ms and ~10s

- Highly magnetized (B~108 — 10 G)

- Pulsed emission observed throughout
the EM spectrum:
- radio
- optical
- X-rays
- gamma-rays
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- Spin period, Ps
- Spin period derivative, dP/dt<0 (spin-down)

L, =— 4?3.2]”51}5 Dipole spin-down luminosity:

Vs — Powers non-thermal emission
e.g. Crab PSR 3
P=33ms; =-4.2x10
PS S
1=10% g cm?
dE/dt=4.5 x10%erg/s

Enough to power the observed
nebular emission
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Fourier techniques to detect a coherent periodicity

1 sp= P
At At

S S

ov= ~0.3 ns (2x10'°s) accuracy reached over At , ~hour

A better precision is achieved through phase fitting

ov= m OP= P26¢
At,, At ~10 ps (10" s) accuracy reached over At ~hour

S S
If the frequency evolution is ‘stable’, observations spanning large intervals can be tied together

2 ~ -15 ~
s5y= 00 zp= P°0¢ 1 s (10"°s) accuracy reached over At ~year
Atspa AtSPa
n n
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Keplerian parameters

- orbital period Celestial body

- projected size of pulsar orbit
- orbital phase
- eccentricity
- longitude of periastron True anomaly
Argument of pgriapsis
: QC 2D
Post-Keplerian parameters C >
- : Longitude of ascending node Reference
rate of periastron advance preineieiinn
- Orbltal. period decay Plan T
- Einstein delay 2 inclnation
- Shapiro delay & Shape Ascending node
Position and motion
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Probe the orbital motion of a pulsar in the grav. field of another neutron star

Post Keplerian parameters depend on M., M, and
Keplerian parameters

— 2 PK parameters measure masses

— 2+ PK parameters test GR

PSR J0737-3039A, B
- 2 pulsars (one is a ms pulsar)

- shorter Porb (~2.4 hr)

5 PK parameters + mass ratio

Masses measured with 0.01% acc.

Cumulative shift of periastron time (s)
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Test General Relativity in the weak field regime (but stronger than in Solar System)

Test strong equivalence principle (grav mass = inertial mass)
- pulsar + white dwarf binaries in the Galaxy grav. Field
- pulsar in a triple system (e.g. Ransom et al. 2014)

Detect gravitational waves (— Pulsar Timing Array)

Deep space pulsar navigation
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Recycling pulsars




- weakly magnetized
- often found in

globular clusters

— old systems
- often in binaries

Neutron stars
recycling
[Bisnovatyi-Kogan & Komberg

1974, Alpar+, Radhakrishnan+
1982]
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- compact object has magnetic field B

. atRM

- disc ram pressure ~ magnetic pressure

- MAGNETOSPHERIC (or Alfvén) RADIUS

- material in disc has angular momentum, what is effect on spin of compact object?
SPINS UP.
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2 GM herefore J = M(GM R)y)/?

V= ——+t

Rum
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— 27 )
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N

transferred to an object already spinning at w

therefore J = Jw where I = v

and so %MR%’) = M(GMRy)'/?
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B2 2 6 3
Pp = M=B(R) assumingBM=B(R)

8m 87 \ Ry R_M
) GM . o :
Pyos = pvi, = 2pR—- For p assume M uniformly spread over Ry, i.e. M = 47 R3%,pvin
M
2GM M 1 since 2 — 26M
= : and si Vi = ———
RM 47TR12‘,_,’Uin mn RM
1 (G\2 “ —5/2
- (= M1/2M /
2w(2) B
Equating P,,s to Pg —
Ru =G BV
MM1/2
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substitute back into (1) —

iﬁ — _2°5V/§PM6/72—3/14G-—1/14 ( B>R°) 1/7M_1/2R_2
P us { M1/2 }
GMM
and since L, = then
R
P 2.5 273/14 _ _
F — _% 7 PL:/7M 10/7B2/7R 2/7

P 200 s\ /1037 erg s71\6/7/ M \10/7 /102G\2/7y R \2/7
e (B0 (L
P P L. M, B 10 km
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ADS35+262

Frequancy (mHz)

Spin—Up Rate (1072 Hz s7")

& ]

s |

Flux (10™® erg em™2 s7") Time (Julian Date — 2400000.5)
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No pulsating Low mass X-ray binary known for decades

P~N YA 2~A eff Tobs Lsource I&Sky

T, limited by orbital Doppler shifts in LMXB
(Po, < 1 day)

1998 - Rossi X-ray Timing Explorer
- proportional counters A~6250 cm?
- time resolution ~ 1 us

- energy range 2-60 keV
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Classical MSP
Red Backs

Black Widows

[ Accreting MSP
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2-16 keV flux [mCrab

0 2 4 6 8 10 12 14
Time [MJD-55870]

All AMSPs are X-ray transients
Peak X-ray luminosity ~ few x 10% erg/s ~ 0.01 Eddington rate

Outburst duration ~ a few weeks/months
Pulsations detected down to ~10% erg/s
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Corotation radius — Rco = 35 (P/3ms)23 km
Inner disk radius — Rin ~ [u4/2 GM (dM/dt)?] ~ p4/Ly |

To have Rco 2 Rin 2 Rns for L,~10% erg/s — p=10%-102" G cm3
B= 108-10°G

o R UFS
SAAO0 | @ j e VRYETAAT Accreting Millisec Pulsars: 5 April 2023
owen WS e uv

28



Inner disk radius — Rin ~ [uy4/G M (dM/dt)?] ~ p4/L,>2

At a larger mass accretion rate (X-ray luminosity):
- the disk extends down to the NS surface
- the field is screened by accreting unmagnetized matter [Cumming+ 2008]
- Rayleigh-Taylor instabilities allow equatorial accretion [Romanova+ 2007]
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ASMIRATE count rate
[

o Ly
I

1996 1995 2000 2002 2004 2006 2008 2010 2012

Years

SAX J1808.4-3658 — one outburst every ~2.5 years (one more in 2015)
Other systems seen only once in ~15 years
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EFg (109 ergem™? s™)
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One or two thermal components detected below 1 keV
Signature of disk reflection component

o
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above NS surface — Comptonization of sof!
the Irradiating hard photons into photons from the surface
thermal radiation

' Inner disc radius

|

Magnetic field i

Disk emission

/

Accration disc Inrar hot flow

Such a picture not only best fits the observed spectra, but also explains the

spectral properties of the pulse profiles [Gierlinski, Done & Barret 2002, Gierlinski+
2005 Falanga+ 2005 P?:pltt0+ 2010]
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direct NS amission
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accretion column (hard X-rays) f‘r f‘
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Used to set tight upper limits

on NS mass quadrupole &

GW emission rate
(Q<103%8 g cm?)

— AMSPs unlikely to be
detected by current

generation of GW detectors

(— Einstein Telescope)

0.8 | .
2
9
= )
x 88T 5
= o
: :
» 04F &

1
02 - IGR J00291+5934
ﬂ 1 1 1
0 500 1000 1500

Time [MJD - 53500]

2000

[Hartman+2008; Hartman+2009; Papitto+ 2010; Hartman+ 2010]
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X-ray heating

- Accretion disc.

L \ : . ._Hotspot'_'

-0155—7 77
SAX J1808.4—-3658 (SAAO White light) ]
1999 August 10

T S ' -0.05
- Accretion stream

‘Companion sf

A(differential mag)

0.05

orbital phase

The spin down power of a radio pulsar illuminates the companion
[Burderi+2003; Campana+2004, D'Avanzo+ 2009,2011; Cornelisse+ 2009]

% ‘B i QP Urs ing il i
fr 1 T uv Accreting Millisec Pulsars: 5 April 2023 35

b 1§ L VI, FREISTATA



Transitional Millisecond Pulsars in LMXBs
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Low Mass in-flow rate:
Magnetic field
dominates

— rotation powered Radio
PSR

High Mass in-flow
rate: Gravity dominates

— accretion powered X-ray
PSR

37



Radio PSR (d=1.4kpc; P=1.7ms)
Irregular eclipses (a redback)

Also a gamma-ray pulsar
[Archibald+ 2009, Science]

0.0 0.2 0.4 0.6 0.8 1.0
Pulse phase

EEEEEEE
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2000-01

2009-13

2013 ...

Accretion disk
H a

Accretion disk Ha line
Brighter in X-rays and y-
rays (few x 10* erg/s)

No radio pulses

[Patruno+ 2014, Stappers+ 2014,
Bogdanov+ 20195]
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Radio PSR (P=1.7ms)
Irregular eclipses (a redback)

Also agamma-ray pulsar
[Bassa+2014, Bogdanov+2014, Roy+
2014]

2003-13

X-rays (few x 10* erg/s)
y-rays (few x 10® erg/s)
[De Martino+2010,2013;

2013 ... saitou+2010; Hill+2011]
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Radial velocity curve => 6.9 h orbital period

F-type companion (under massive at 0.06 —0.12 M )
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Accretion powered state

10% X-ray pulsations \

10% A

10% Sub-luminous disk state

Propeller ejection?
10% /
1032
Rotation powered state
1031 Radio/gamma-ray pulsations
-
undetected 10% 10% L[y-rays]
% . oo UES (erg/s)
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The enigma of the sub-duminous disk state
X-rays (L,~5x10% erg/s)
Fainter than during outburst (— propeller inhibition of accretion)

Peculiar variability [e.g. de Martino+ 2011, Ferrigno+ 2014, Bogdanov 2015]
Accretion powered X-ray pulsations [Archibald+ 2015, Papitto+ 2015]

MAGNETOSPHERIC ACCRETION

\Y “Propeller”
e 4\ ?
J WWWWW&WWWmM
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(counts s'1)

EPIC count rate
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« High mode
- '« Low mode XMM-Newton (X-rays)

« Flaring mode
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Folded period: 0.0336927957 s

electrons

Phase

dipole axis
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down [Jao

Synchrotron emission of ~ MeV

Compatible with the observed spin-
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Some of these slides were provided courtesy of Tariq Shabhaz
(IAC) & Alessandro Papitto (INAF)
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