Millisecond timing X-ray binaries

«Strong field gravity
*High density matter
*Pulsar recycling
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News
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Predictions of millisecond
variability

* Random luminosity variations expected 10-°-10-2 s
(Svartzman 1971)

* Millisecond wavetrains due to clumps near ISCO
(Sunyaev 1973)

* Detect neutron star spin during X-ray bursts
(Livio & Bath 1982)

* Millisecond accreting pulsars
(Alpar et al. 1982, Radhakrishnan & Srinivasan 1982, Cheng 1984)
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Abstract:

Ue encomat to mearch for millisecond veriodicities in the persistent

milltseconds. The A=l experfment on HEAO-1 has collected only a total of
~ 2 hours of data with a time resolutfon of 5 milliscconds, which could
be used for a search for millfseconds perfodicities, and only a small

e two hours were spent on strc surces (T.A. b,
private communication). The High Speed Event Monftor on hoard SAS-1 did
not always function properly and to date only 2 results ustng SAS-3 have
been reported tn this time domain. Thus, the mi1l{second time domatn has
hardly been explored. The diacovery of mfllisecond perfodfcity fn the
intensity of bright LMXB would be of fundamental fmportance. Tt would
glve support to and a quantitative basls for present {deas on the

fraction of the

evolutfon and accretfon history of low-mass X-ray binaries, and - of
course - open the exciting possibility of making orbital studies of
stve X-

these systems, comparable to the by now classfcal studfes of ma
ray binaries.
e propose
0.375 millisecond time resolutfon (WSP2=6). Tn this way we will
to look for periods down to 0.75 ms, the first harmonfc of the
heoretical break-up limit for a neutron star. Below we estimate the
feasibility of the proposed observatfon. This estimate {s hased on the
assumption that the noise has a Polssonfan distributfon. Tf stochastic
behavour in the millisecond domain is present , the estimates will be
adversely affected. lHowever such behaviour would hy ftself be extremely

to use only the ME detector fn a timing mode (HTR3) with
he able

interesting.

proposed observations

Feasibility of th

During the observations, the orbital motion of the satellite, of

" ed chi-squared distribution for v degrees of
transforms summed together, and c the
confidence level required for a perfod detection. In this expression, we
take Into account the effects on the sensitivity of the hinning of the
data and of the discrete character of an FFT {n the way described by
Leahy et al. (8). For $=1000 c/s, it follows that a pulsatfon of 2%

128" S b

3,500
3,000
2,500

Frequency (Hz)

Frequency (Hz)

Mlﬂ'nm J-.'»... A

1
2,300 2.900 3,500

)
T

Intensity (c.p.s.)

Intensity (c.p.s.)

Reprined from Nature, Vol. 316, No. 6025 pp. 225-230, 18 July 1985
© Macmillan Journals Lid.. 1985

Intensity-dependent quasi-periodic oscillations in the
X-ray flux of GX5-1
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The X-ray flux of the bright galactic bulge source GX5-1 shows intensity-dependent quasi-periodic oscillations between
~20 and ~40 Hz, appearing as a broad peak in the power spectrum whose cenroid frequency, width and integrated excess
power strongly depend on the source intensity. The strength and steepness of low-frequency noise present in the power
spectra below 15 H also depend on the source intensity. No evidence is found for coherent X-ray pulsations between 0.5

A o 2000 Hz. We discuss posible mechanisms 0 explain these new phenomena,

NEUTRON sars in low-mass X-ray binaries have long been  3499————— —
suspected to have been spun up to periods in the millisecond

range. Several searches for such short rotation periods in low- 1A

ass X-ray binaries have been made but none has been success. y

search using the medium gy detetorsof the X ey bserv
tory Exosat. One of the first sources we observed was the bright
buige source GXS.1In which we found no peiodi pulsaions

pectedly, we discovered quasi-periodic oscillations.
Ths weildonstas e o s s scmarpee
liminary results have already been reported’

Observations o wo Tewe aaw
We observed GXS-1 (4U1758-25) with the medium.-encray
detector® (ME) and the gas scintillation proportional counter’

Fig. 1 Average counting rates in 25 time intervals. Zero time
corresponds (0 18 September 1984, 11:53:35 U The sharp drop
17005 s he sl o  chane in the pinin direction

the saelie (s tex),

scparately. The power spectra of single data blocks are too noisy
toallow meaningful study. However, the average of these power
(

2 samples (time resolution ~0.25 ms). y
Within each of the 1,623 blocks, the data are continuous with  below 15 Hz (the power increases towards lower frequencies):

a negligible *dead time’ of ~1% and between two consccutive  (2) a strong broad peak with a centroid frequency near 30 H
data blocks there is a gap of 1. The data contain no spectral  and (3) a flat spectrum above 100 Hz, consistent with Poisson
Figure 1 shows the counting rate as a function of time. The  No evidence was found for coherent pulsations in the X-ray

data_include an_approximately constant background of flux. The 99% confidence upper limit to the pulsed fraction of
-p.s. The sharp drop near r = 17,000 is caused by achange  coherent pulsations in the 50-400-Hz range is 0.3%: in the
(trim’) in the satellite pointing dircction. The reason for this  400-2,000-Hz range it varies between 0.6 and 2.5%, depending
trim was the high counting rate, at which detector damage was  on frequency. In calculating these values, we followed the pro-
feared. Before the trim, the collimator cficiency was 93%, eahy eral’”
Whereas afterwards it was 65% Doppler shifts resulting from orbital mtion of the source and
For the average spectral shape, as measured with the gas  the satellte.
scintilltion proportional couater, 1 .p.. from the ME (pre-trim ower density estimates, using conventional FFT techniques,
cllimaor ffiieney) corrsponds to ~9.2 10" erg e ay be in error because of low-frequency ‘leakage’,if a steep
(1-18 keV), or ~03 ly (2-11keV). The source flux (~700-  low-frequency (‘red") noise component is presen™
~1,100 uly) and its \nrmhlluy on. 8 imescle of hours are  law slope ofthe red noise in ur data is considerably below the
similar t0 those encountered pr Al count rates critical value of 2, above which problems may occur. Low,
descrived her have boen redicd to e prein cotimaier  requeney eakage s therfore not expected o afce our analyel.
“This was confirmed by tests on artficial red-noise data and by
. repeating the analysis of the 2-s blocks after “detrending’ cach
Analysis and results of them by subtracting a low-order polynomial 5
To investigate the variability of GX5-1 on timescales between e properties of the broad peak in the power spectrum
0.5 ms and 25, we estimated the power spectrum by calculating  (centroid frequency, width and integrated excess power) and
(via 2 fast Fourier transform (FFT) algorithm) the Fourier  the low-frequency noise (slope, and integrated excess power)
amplitudes of the average-subtracted signal in cach 2:s block  strongly depend on source intensity. In Fig. 2a, b we show the




Horizontal-branch QPOs
in 6X 5-1
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Radiation- <™
magneto- Magnetic Magnetic
hydro Field Pole
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Hot Spot
Emits X-rays

Originof QPO?

Hot spot Neutron Star

Rossi X-ray
Timing Explorer

1046 X-rays/second 103 X-rays/second

Poisson process,
photon counting noise
dominatesl!
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Quasi-periodic oscillation

NOISY QUASI-PRRIODIC SIGNAL

2nd ORDLR AR

Lorentzians

rA 1

Lorentzian : P(v) =

Centroid frequency : v,

Characteristic frequency :v,
For narrow QPOs:

For broad noise components: v,

T A+V-v,)
Half — width : A

vmax

::VO
=A

O=v,/2A

Power

e OSCI},I—ATqu %HOT . PROC
. ‘ - | ! I‘
o . | a0 ’
- 5oL w ﬁ’l'!i u'!é'n”PM' I
- N g L'J“ ‘-‘i“v ”
' . “J‘“'ﬂy N J',';zn 1“‘ I’ '1}‘“ |
. - i | i
e o &3 5% g
oW Tk WToamy e TIME TIME
POYER SPECTRUM OF NOISY QUASI-PERIODIC SIGNAL
WAVE ZFHAIN MODULATED SIGNAL
20 w0 ‘
- g 1
i, £ M E ol 1N
: g Hmli'”'u‘t'“ 2. _l M |'\’
] : W £ - | ‘ il
.}n °‘Q
L | | I
TIME TIME
Vo

g‘ Gaussian 2A Lorentzian
O\
Y

A
4460 4480 4500 4520 4540 4560
Channel Number (1 eV/channel)
l()2 [ ' ' M
l()O i
10772 B
1074 T
-6
10071 BPK 2002
L L L
0.001 0.010 0.100 1.000 10.0

Frequency (Hz)




Fractional rms amplitude

.

integrated power

rms = «/Variance = ,”. power

r = source fractional rms = rms /S

o $ amplitude of source variability
S source flux
B background flux

Poisson noise power spectral
statistics

noise powers

PROBABILITY DENSITY

’ PO;VER )
Noise powers: white noise, distributed as chi-squared
with 2 dof (y3= exponential distribution)

M times averaged noise powers distributed as 2,
Distribution tends to normal as M — oo

. , 1,|T &8
Signal to noise: n, = —r",|[—
2 Av (B+S)




Instrumental deadtime

"not the fraction but the process”

Deadtime-modified Poisson hoise

power spectrum is not white
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Physics aims - ‘holy grails’

= General relativity in strong-
field regime

» ISCO, epicycles, black hole @
existence

T

» Equation of state Lo s
supranuclear density matter ’
= neutron star interiors

= Millisecond accreting pulsars

» progenitors millisecond radio
pulsars, recycling

Themes

- Distinction Z & atoll sources
- Relation M, L, with spectral/timing states




Atoll source

e \cutron stars

Timing depends on
position in one-dimensional
color - color track.

0.6

Hard Color

This defines

recurrent patterns of
correlated X-ray spectral
and timing behavior.

0.4

Colors timing are
required to determine
source state and - type.

10 16D

1
1

L, - state relation complex,
role of M unclear:

“would need to find a
transient Z source” ©
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HARD COLOR

Transient atoll is like a transient
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Toy model

Observed: state (v ) depends not onL,,
but onL, /<L,

Model: state is set by r,, which depends
on balance between L, and M,

QPO frequency

v x (M‘,,_‘.k /L_\_) P
L.« M, +M
M radial = <M disk>

van der Klis 2001

radial

Themes

* Nature of black hole states
- Relation M, L, with spectral/timing states




Black hole states 1-dim - Ginga

BLACK—HOLE—CANDIDATE POWER SPECTRA
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RXTE msec fimin
discoveries

NS spin
Accreting msec pulsars
Burst oscillations

NS flow
Kilohertz QPOs
Hectohertz QPOs

more - Rossi X-ray Timing Explore
BH fl december 1995 - now E
ow i T 5 ‘

High-frequency QPOs

- HF QPOs .
P Numerous high
¢ frequency QPO types
Seven in neutron stars, two in black
‘ , holes >100 Hz - likely more still hiding
10 100 1000
FREQUENCY (Hz) nearly all have hard spectra!
; : : Sr I psidebands
ol I hHz QPO kH; QPOs
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Themes

* Lack of msec pulsars

- Relation with burst oscillations

Accreting millisecond pulsars

1 . Radio Pulsars
¢ =SAX 11808.4-3658

100 150 200

50

Wijnands & van der Klis 1998

Dipole Magnetic Field (G)

Source Freq.
Swift J1756.9-2508 182.1
XTE J0929-314 185.1
XTE J1807-294 190.6
NGC 6440 X-2 205.9
IGR J17511-3057 2448
XTE J1814-338 314.4
HETE J1900.1-2455 377.3
SAX J1808.4-3658 401.0
XTE J1751-305 435.3
SAX J1748.9-2021 442 4
Swift J1749.4-2807 517.9
Aql X-1 550.3 -
4 1636-53 581.9 0 2.0x10°  4.0x10° f.cmoimga.(oiwo* 1.0x10°  1.2x10*  1.4x10"
IGR J00291+5934 598.9 -

Frequency (Hz)

Altamirano et al. 2008
13 AMXPs known; some are intermittent or sporadic pulsars - clue to why so few?




2 intermittent/sporadic pulsars
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Themes

» Link of kHz QPOs with orbital motion & spin

- Models




FREQUENCY (Hz)

Kilohertz quasi-

periodic oscillations
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van der Klis et al. 1995

QPO models

Beat frequency model ||

- Spin and orbit interact
Voeat = Vorb ~ Vspin

Relativistic/spin resonances

- At preferred radii in the disk, GR orbital and
epicyclic frequencies, and spin resonate.

RMHD disk & hot spot
frequencies

- Various radiation-MHD disk modes and
surface processes may produce QPOs

Relativistic precession

- Relativistic epicyclic motion provides
additional frequencies

FREQUENCY (Hz)




kHz QPO orbital

interpretation

+ Upper kHz QPO frequency interpreted
in most models as GR orbital frequency
at preferred radius in the disk (e.g.
edge) -
If true, immediately constrain neutron T
star parameters

POs vary in frequency, but always ] g
<1.3 kHz (while observations sensitive ] {3 ,
to >2kHz) ] M‘. ]
An ISCO frequency of 1.3 kHz T
c%r';;\asponds foa nZu‘rron star mass of "ﬁ’ T : o
~ & QPO freq. (Hz)

Barret et al. 2006

kHz QPOs and spin

- Beat frequency
model predicts
Av % the spin.

Vieat = Vorb = VY spin
>v orb = Y beat = V spin

'SAX J1808.4-3658
Wijnands & van der Klis
1998

- SAX J1808 oro  beat

L L
500 1000 1500

disproves this: Froquency (12
Av % half the spin.




Resonance models

‘At particular fixed radii in the ‘Under certain conditions such
disk resonances can occur between resonances might also involve
relativistic orbital and epicyclic the spin frequency'
frequencies'
Vi-Va=NVg,/m, eg., = Vg,/2
v{/v,=n/m, egqg., =2/3

Kluzniak and Abramowicz 2001 Kluzniak et al. 2004, Lamb and Miller 2004
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