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Low Mass X-ray Binaries

e LMXBs are the binary systems containing a compact object
(a black hole, a neutron star) and a low mass companion
(M.<M,), also called ‘donor star’.

* Accretion mechanism is Roche lobe overflow.

* Old systems. Total life time is <1072 yr

* Observed in the galactic disc, bulge and the globular clusters in
the Milky Way

* Relatively low magnetic filed =10%-° G.

* Recyling Scenario; LMXBs are possible incubators of
millisecond pulsars. Accretion onto NS can be the reason of
conversion from slow rotator NS with high magnetic field to fast
spinning and low magnetic field NS.



Accreting Millisecond X-ray Pulsars

A subset of LMXBs with 19 (?) members.

* The gas stripped from the companion is channeled out of the
accretion disk onto the magnetic poles of rotating NS, giving
rise to X-ray pulsations

* Show oscillations.. Differ from LMXBs...

* High spin frequency, v 2 100Hz

‘M, ., S1M,B=10%°G

Intermittency
* Pulsations are not persistent.
* Only three AMXPs are detected with intermittent pulsations.
* Most interesting case is ‘Aql X-1'.



Count Rate (cnt/s)

* V1333 Aqgl -- Low Mass X-ray Binary

Aql X-1

* Quiescent L, = 103 erg s}, Outburst L, = 10%* erg s
* Quiescent B = 17 mag, Outburst B = 14 mag
*P,.,= 18.95 hr, Spin Frequency= 550.27 Hz

 Spectral Type of companion: K6-MO
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Aql X-1

* Long — High Outbursts:
50-60 days, 37-61 cnt/s
 Medium — Low QOutbursts:
40-50 days, 13-25 cnt/s

e Short — Low Outbursts:
20 days, 17-25 cnt/s
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Aql X-1

* Long — High Outbursts:
50-60 days, 37-61 cnt/s

e Medium = Low Outbursts:

Count Rate (cnt/s)

40-50 days, 13-25 cnt/s
e Short — Low Outbursts:

20 days, 17-25 cnt/s

Count Rate (cnt/s)
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Two Critical Radii of Disk Structure

magnetic axis

Light cylinder; The cylinder centered
on the pulsar and aligned with the

/radio beam rotation axis at whose radius the co-
/ rotating speed equals the speed of
/ light

<]

rotation axis

“™__— outer
: acceleration C . .
é gap R, = — c; speed of llgh{f
- inner 0 0; angular velocity
' acceleration

open o Corotation Radius: The radius that
field lines | the angular velocity of the star is
' field lines | light equal to Keplerian angular velocity.

icyllnder
' . - GM 1/3
co—\n2 Qe = (GM/r3)12




Basic Definitions of Disk Structure

Fastness Parameter; A ratio of the angular velocity of the star to Keplerian
angular velocity at the inner disk radius.

Q. <R,~n>3/2
w, = =
-QK(Rin) Rco

Alfvén Radius; The radius where the magnetic stresses and the material
stresses (ram pressure) are balanced.

”4_ 1/7 p B BZ o B 1 ,
RA — <m> mag — 81 ram ZpV

R;;, =CRy ¢ = 0.5 for disk accretion (Gosh & Lamb)



Disk — Magnetosphere interaction Stages

Radio Pulsar Stage: If the inner radius of the disk is located out

of the light cyclinder, the system acts as an isolated neutron star.

R ) R ) » No Accretion
n > llght CYC 3 No Evidence of the dics existence in the X-ray
light curve

Propeller Stage: The inner radius of the disk is around the
corotation radius, then not all of the material transferred from
outer layers to inner layers can fall onto the pole.

Rlight cyc > Rin ~ R > Partial Accretion

CO » The possible evidence is the
knee between the slow decay
phase to fast decay phase of
an outburst.
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Disk — Magnetosphere interaction Stages

Accretion Stage: The inner radius of the disk penetrates to
corotation radius. All of the material transfering inner layers falls
onto the neutron star poles.

Rin < Rco

Accretion Power in Astrophysics, Juhan Frank
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The Decay Stages of Outbursts
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The Decay Stages of Outbursts

* The Slow decay phase represents the accretion stage. We fit
the slow decay phase with a simple power low.

X

L(E) =Lo (1+52) b <t < tygees L < Lo
Assumption; M(t) follows the same trend in the propeller stage.

GMM, M
T ,thenf: M L(t)

= f@®

*Since Ly =

13



The Decay Stages of Outbursts

Fastness Parameter; A ratio of the angular velocity of the star to Keplerian
angular velocity at the inner disk radius.

Q, (Rin>3/2 - <GM)1/3 - < GM )1/3
w*: = <« = | — . =
'QK(Rin) Reo 0 9*2 . -Q%{(Rin)

When R;,, = R,,, we can define the critical mass accretion (M_,) rate as following;

7/2,20 7/3 1/7

M _ el _ put R, =R,
co 5 /3 RA = | ——
V2(GM)>/ 2GMM?2

Alfvén Radius; The radius where the magnetic stresses and the material
stresses (ram pressure) are balanced. B? 1

Pmagzg Pram—EpV




The Decay Stages of Outbursts

As aresult, we obtain two parameters, both depends on time

t—tg\ ™\ 7
o) (LO (1 +L L) )
Ly
(): —x
= L0(1+t_rt°)

We can make a parametric plot of f vs w,
As expected f function shows a step function: All of the material falls onto
the neutro star in accretion stage, a portion of the material falls onto the

neutron star in the propeller stage and no falling material in the radio pulsar
stage.

f@=fy 851 @ =30+ 0 ) xtanh (252
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A New Method to Describe Outbursts
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Observation and Data Analysis
However . . .

The X-ray light does not only come from the pole but also few percentage of
total luminosity we take, comes from the disk. To link the light curve to the
propeller stage, one should first separate the light comes from the pole
caused by an accretion and obtain a light curve only for magnetic pole.

« RXTE/PCA observation of 2000 and 2011 outbursts of Agl X-1
Model: blackbody + diskblackbody + gauss
» Blackbody represents NS poles
» Disk blackbody represents inner disk
« Gauss represents iron line

Accretion Power in Astrophysics, Juhan Frank
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Observation and Data Analysis
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An example spectrum obtained by RXTE/PCA, the model is bb+diskbb+ga
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Result of sprectral analyses of RXTE observation of 2000 and 2011 outbursts of Agl X-1.

The light curve for the blackbody component (bottom left), the light curve for the disk blackbody component (bottom right), the
time evolution of the ratio of the flux in the range of 3-10 keV to to the flux 5-30 keV only for blackbody component (middle
left), the time evolution the ratio of the flux in the range of 3-10 keV to to the flux 5-30 keV only for disk blackbody component
(middle right), the time evolution of the temperature of the blackbody in keV (top left), the time evolution of the Inner disk
temperature of disk blackbody component (top right).



Applicatons: Aql X—1 2000 RXTE/PCA

Obs # ObsID MJID-51000  kThpoay ETgakph  X-/d.0.f.%  Hardness?  HardnessP Fluxfpogy — Fluxdpemn
{days) (keV) (keV) bbody diskbb
1 50049-01-03-00  §11.28564  5.27 £ 1.12  1.19 %+ 0.15 0.90 4.36 +1.97 1.50+0.06 1.63+0.08  0.60+ 0.01
2 50049-01-03-01  §12.34953  6.96 + 1.23  1.58 4 0.10 1.14 6.80 +2.81 5.45+0.13 270+ 0.52  1.68 + 0.02
3 50049-01-03-02  S$13.27735  6.63 £ 1.40  1.64 £ 0.09 1.00 6.41 + 1.60 6.43+0.13  4.27 £0.49  2.63 £ 0.03
4 50049-01-04-00  S16.46667  4.08 £ 0.71  2.10 £ 0.10 1.13 2.64 £0.92 14.93 £0.20 7.95 + 1.67  11.20 + 0.08
5 50049-01-04-01  §17.70791  5.88 £ 0.16  2.35 4 0.05 1.24 5.20 + 0.836  20.77 £ 0.25 2204+ 0.40  18.80 4 0.11
& 50049-01-04-04  §22.77448 2,40 £ 0.08  1.63 % 0.07 0.69 0.65 +0.19 6.23+0.07 27.16x4.01 77.91 % 0.44
T 50049-01-05-00  823.76888  2.38 £ 0.07  1.71 £ 0.07 0.57 0.64 +0.06 7.40+0.14 3520+ 0.20 90.30 + 0.50
8 50049-01-05-01  §24.76115  2.28 £ 0.05  1.56 + 0.08 0.38 0.56 +0.11  5.15+0.07 47.76+ 4.40  72.13 + 0.48
) 50049-01-05-02  §25.75406  2.20 + 0.08  1.57 4 0.08 0.63 0.57 +0.16 5.31+0.06 31.830+4.32 71.95+ 0.44
10 50049-02-01-00  §26.51291  2.31 £ 0.05  1.64 £ 0.07 0.39 0.5 +0.12  6.31 £0.07 44.55+ 4.34  86.14 + 0.52
11 50049-02-02-00  §28.53443  2.34 £ 0.05  1.61 % 0.05 0.75 0.61+0.12 5.06+0.06 30.32+3.03 79.80 % 0.45
43 50040-02-15-03  S61.88606  2.06 £ 0.04  1.12 4 0.05 0.84 0.41 +0.04 1.05+0.02  9.00+0.58 11.14 4 0.10
44 50049-02-15-04  862.09305  2.11 £ 0.05  1.13 £ 0.05 1.85 0.45 £ 0.05 1.10+0.02  9.18 £ 0.57  10.45 £+ 0.10
45 50049-02-15-05  §63.23007 2,45+ 0.08  1.28 + 0.06 1.72 0.70 £ 0.09 2184008 5784030  9.03+ 0.08
46 50049-02-15-06  864.20810 212+ 0.11  1.16 + 0.08 0.83 0.45 £ 0.10 1.2y +£0.08  6.07 £ 0.67  7.24 + 0.07
ar 50049-02-15-07  864.27747 224+ 0.15  1.17 + 0.08 0.85 0.54+0.14 1.3140.03 5461070  7.19 + 0.08
48 50049-08-01-00  865.27217  4.43+0.34  1.86 £ 0.07 1.48 3.10 + 0.61 10.09 £ 0.17  3.99 £ 0.17  5.83 + 0.05
49 50049-08-02-01  866.92250 4.3+ 0.46 174+ 0.11 0.99 3.58 +0.683 7.8 +0.25 B8.64+0.16  2.63+0.04
50 50049-08-02-00  866.97790  6.05 + 0.8  1.67 £ 0.17 0.96 5.55+4.06 6.88+0.15 3.55+ 1.55  2.45 + 0.03
51 50049-08-03-00  868.23607  6.56 + 1.37  1.44 £ 0.16 0.74 6.31 +4.82 3751014 217+ 1.49  1.12 +0.02
52 50049-08-04-00  §60.47435  6.88 + 1.28  1.32 4 0.20 0.85 6.78 +4.88  2.4940.11 095+ 0.47  0.88 4+ 0.01

The 2000 outburst RXTE/PCA - Black body + Disk black body + Gauss



Appli

|catons Adgl X-1 2000 RXTE/PCA

Obs # EThbody T 2td.o.r. Hardness? F]uxtrtrody
(keV') bbody
1 2.36 + 0.30 2.72 + 0.67 0.95 277 £0.10 1.84 + 0.02
2 2.80 +0.21 2.49 + 0.30 1.13 3.30 £ 0.00 3.37 + 0.03
3 2.57+0.21 2.76 + 0.26 1.03 3.49 + 0.08 5.10 £+ 0.04
d 3.61 + 0.36 2.38 1+ 0.60 0.68 4.73 + 0.07 16.74 + 0.07
5 3.44 + 0.70 2.44 +0.18 0.60 4.31 £ 0.06 24.74 £ 0.10
6 2.17 £ 0.13 0.12 + 0.04 0.63 0.59 + 0.01 30.91 £+ 0.17
T 2.34 + 0.05 0.01 + 0.01 0.62 0.65 = 0.01 34.82 1+ 0.20
B 2.24 + 0.03 0.10 + 0.02 0.32 0.56 £ 0.01 48.00 £ 0.21
] 2.22 + 0.05 0.01 + 0.01 0.68 0.60 £ 0.01 30.65 £ 0.17
10 2.27 £ 0.03 0.01 + 0.01 0.51 0.60 = 0.01 44.13 £+ 0.20
16 2.25 +0.03 0.13 + 0.09 0.52 0.58 + 0.01 40.97 £+ 0.20
a1 2.25 + 0.04 0.11 + 0.10 0.49 0.56 £ 0.01 28.06 £+ 0.14
a9 2.00 £ 0.03 0.06 + 0.02 0.93 0.48 + 0.01 16.36 £+ 0.07
41 1.91 + 0.03 0.03 + 0.02 1.30 0.40 £ 0.01 13.82 1+ 0.07
44 1.70 &+ 0.06 0.45 + 0.36 1.74 0.34 £ 0.01 12.04 £ 0.05
45 1.80 + 0.08 0.48 + 0.13 1.00 0.49 £+ 0.01 T.85 + 0.03
46 1.9 + 0.04 0.01 + 0.01 1.63 0.40 =+ 0.01 6.74 1+ 0.04
47 201 +£0.15 0.11 + 0.07 0.80 0.53 + 0.01 5.65 £+ 0.04
48 3.48 £+ 0.45 1.63 + 0.51 1.40 3.27 £ 0.13 4.06 £+ 0.05
49 3.75 & 0.65 2.30 + 0.88 0.93 3.71 £ 0.19 3.71 + 0.07
50 2.82 + 0.40 2.83 + 0.22 0.91 3.64 £ 0.11 4.00 £ 0.04
51 2.72 + 0.48 2.84 + 0.85 0.67 3.47 £0.15 2.49 4+ 0.04
52 2.55 + 0.56 2.98 + 0.20 0.78 3.20 + 0.15 1.07 +£ 0.02

Hardnessy, Ty, kel

Fluxyy (107 ! (-'r,e.-"c'm; /s

=]

10

o]
=]

=1

825 850 873
Time (days since MJD 31000)

o
=
o

asksts (R (K V)

Hardness g i

]

Flux goins (107 erglem®/s)

[

a

._.._.
S =
[

s T E
L ] .
[ i ]
- ¥ + -
F+ + 3
- + -
E * =
= 1 1 | =
] B25 850 B75 ]
Time (days since MJD 51000}

The 2000 outburst RXTE/PCA - black body + Comptonisation + disk black
body + Gauss

=]



A New Method to Descrlbe Outbursts
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Result:

flw) =

1, w<1
0, w=1

‘ 2000 RXTE bb +----
O e T T T 2011 RXTE bb ----- -
AR 1997 ————-
: BN 2010 ----- .
R 2000 ASM  -----
0.8 + v 2013 MAXI —
I Yo 2016 MAXT ----- |
. ‘;\\
0.6 \ |
=
3
= 04 - \ -
- Y |
\\\&
02 - \{\ _|
\ Wy,
i RN ]
0 - iRt
0.2 | | | | |
0.85 0.9 0.95 1 1.05 1.1 1.15

e The range w, < 0.9 is the slow decay stage. All of

the material transferred from outer disk accretes
onto the NS. As M (= M, in accretion stage) de-
creases in time, the luminosity declines (slow decay
stage) while R;, expands back to R..

The range 0.9 < wy < 1.1 is the partial accretion
regime. A fraction of inflowing material to the
inner layers of the disk may transfer onto the NS.
The rest may be thrown to outer layers of the disk
or expelled from the system via jet mechanism.

The range w, = 1.1 is the fully developed propeller
stage and the neutron star may even act as an
isolated NS (Eksi & Alpar 2005).
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Pre-liminary Results from Insight-HXMT

HuiYan — Hard X-ray Modulation Telescope

Star
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Pre-liminary Results from Insight-HXMT

Aqgl X-1 has been observed by Insight-HXMT three times just after the

transition from the soft state to the hard state.
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Pre-liminary Results from Insight-HXMT

Count Rate (cnt/s)

Aqgl X-1 has been observed by Insight-HXMT three times just after the
transition from the soft state tn tha hard ctata
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Pre-liminary Results from Insight-HXMT

Aqgl X-1 has been observed by Insight-HXMT three times just after the
transition from the soft state tn tha hard ctata
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Summary and Discussion:

* We classified outbursts of Agl X-1 depending on duration and
maximum flux. We analysed three outbursts of Aql X-1
observed by RXTE. We obtained evolution of physical
parameters and showed that the spectral evolutions are similar
in three different classes.

* We invented a method to obtain mass ratio accreting onto the
NS in the propeller stage depending on fastness parameters.

* We analysed RXTE/PCA and obtained a light curve only caused
by accretion!!.

* We argued possible propeller effect on the fast rising phase as
well as on the exponential decay phase.

* We applied the method and showed the outbursts with
different max luminosity and duration follows the similar trend
in f(w,) evolution during outburst.
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Thanks for listening

Can GUNGOR
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