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X-ray pulsar

Strongly magnetised Neutron Star in binary systems

Mns~1.5-2 Mgyn

Ryg ~10-15 km

By > 1011 G

Pepin ~1—103 s

1033 erg/s < L <104! erg/s
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Propagating fluctuations of the mass accretion rate

initial fluctuations

BH or NS

_—— 0 —
(A)

Initial fluctuations of viscosity in the disc

(B)

Propagation of mass accretion rate fluctuations inside and outside

(C)
Fluctuations of X-ray energy flux:
the mechanisms of conversion is different for BH and NS binaries
In classical XRPs:
the fluctuations of X-ray enerqy flux replicates fluctuations of the mass accretion rate at the inner
disc radius;
accretion discs are geometrically thin in a wide range of accretion luminosity;
We can estimate both inner and outer radii of the disc.

Lyubarskii, 1997, MNRAS
Kotov+, 2001, MNRAS

Ingram & van der Klis, 2013, MNRAS
AM+, 2018, 2019, MNRAS



Propagation of mass accretion rate fluctuations:
the basic assumptions

Geometrically thin and optically thick accretion disc

1/2 1/2
Newtonian potential: ¢N = I Qg = ( R3 ) =115 (1«7@) rads

The equation of viscous diffusion: haiCiin) - e {Rl/Q‘i (31/25}1/2”
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Green’s function

Rout
Any solution can be represented as (R, t) = / @R Be i DR bR
Rin
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Radial coordinate. R

The exact Green’s function is defined by viscosity (coefficient n) and boundary conditions.
The exact analytical solutions were found for a few particular cases:

(a) Rin=0, Rout=% (Lynden-Bell & Pringle, 1974)

(b) Rin>0, Rout= (Tanaka, 2011)

(c) Rin=0, Rout<o (Lipunova, 2015)

(d) Rin>0, Rout<® (AM, Lipunova+, 2019)

(e) Rin=Risco, Rout=%, GR Green functions (Balbus, 2017)



Surface density

Mass accretion rate

Green’s function

Rout

Any solution can be represented as SR ) = / ClE B DR R
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Rin

Corresponding mass accretion rate:

M(R,t) = 67731/2% (uZ(R,t)Rl/Q)

Green’s function for the mass accretion rate:

G (R, R t) = 6rR" 2% (I/G(R, R, t)RY/ 2)



M(R,t)
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Mass accretion rate fluctuations in the time domain

initial fluctuations
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Mass accretion rate fluctuations:

the and the frequency domain
Rout ( ’ )
: ath [
T — / dR' G, (R, R, t) ®¢ =
Rin

Fourier transform

Rout

m(R, f) = /dR'@M(R,R’,f)Z(R’,f)
Rin

We need to construct Green’s functions in the frequency domain.
The Green’s functions play a role of the transfer functions in the f~-domain.
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Mass accretion rate fluctuations in the frequency domain
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IG(RR"f)

Mass accretion rate fluctuations in the frequency domain

initial fluctuations

BH or NS
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Aperiodic variability
in X-ray Pulsars

Accretion disc does not
contribute significantly to
X-ray energy flux

Mass accretion rate
fluctuations at the NS surface
replicate the fluctuations at
the inner disc radius

Observed fluctuations of X-
ray energy flux can be affected
by variability in geometry of
the emitting region



Typlcal Power Density Spectra

({I' he main parameters
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X'ray pUIsar A0535+26 Ecyco~45 keV  Ecyc,1~ 100 keV

Pspin ~ 100 sec

Two luminosity states: Li=1.7x103° erg/s L>=3.8x1036 erg/s
1019 R LU LLLLLLL 1
Gas pressure dominated
108 disc

The inner disc is still
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AM+, 2019, MNRAS



X-ray pulsar A0535+26

Two luminosity states:

10~ E

PDSxf

10

10

AM+, 2019, MNRAS
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X'ray pUIsar A0535+26 Ecyco~45 keV  Ecyc,1~ 100 keV
Pspin ~ 100 sec

Two luminosity states: Li=1.7x103° erg/s L>=3.8x1036 erg/s
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X'ray pUIsar A0535+26 Ecyco~45 keV  Ecyc,1~ 100 keV

Pspin ~ 100 sec

Two luminosity states:  L1=1.7x103% erg/s L2=3.8x103% erg/s
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X-ray pulsar V 0332+53

Ecyc,o r~ 30 keV Ecyc,1 L 60 keV

Pspin (- 4.4 secC
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X-ray pulsar V 0332+53
Ecyc,o r~ 30 keV Ecyc,1 L 60 keV

Pspin (- 4.4 secC
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X-ray pulsar V 0332+53
Ecyc,o ~ 30 keV Ecyc,1 L 60 keV

Pspin (- 4.4 secC
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X-ray pulsar V 0332+53

Ecyc,o ~ 30 keV Ecyc,1 ~ 60 keV

PDSxf
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X-ray pulsar V 0332+53

Ecyc,o r~ 30 keV Ecyc,1 L 60 keV

Pspin (- 4.4 secC
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X-ray pulsar V 0332+53
Ecyc,o r~ 30 keV Ecyc,1 L 60 keV

Pspin ~ 4.4 sec
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X-ray pulsar V 0332+53
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Geometrical Beaming vs. Pulsed Fraction

We know 5 pulsating ULXSs.
But, there are only ~15 ULXs out of ~300 provide the statistics sufficient for detection of pulsations.
(see, e.g., Rodrigues Castillo+, 2020, ApJ, 895)

High Pulsed Fraction (~10 percents and more) is a typical feature of ULX pulsars.

AM+, 2021, MNRAS



Pulsed Fraction

Pulsed Fraction
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Dynamics of the accretion flow in between NS surface and
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mass accretion rate, g/ s

Dynamics of the accretion flow in between NS surface and
inner disc radius
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mass accretion rate, g/ s

Dynamics of the accretion flow in between NS surface and
inner disc radius
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mass accretion rate, g/ s
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mass accretion rate, g/ s
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Dynamics of the accretion flow in between NS surface and

mass accretion rate, g/s
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Dynamics of the accretion flow in between NS surface and
inner disc radius
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Dynamics of the accretion flow in between NS surface and
inner disc radius
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Conclusions

(a) Broadband PDS of aperiodic variability can be described by the propagating
fluctuations model. We do expect two breaks in the PDS. Still, there is an
uncertainty in the timing properties of initial fluctuations of viscosity.

(b) The high-frequency break corresponds to the minimal time scale of the dynamo
process in a disc. PDS of XRPs can be used as a method of independent
measurements of magnetic field strength and structure in XRPs.

(c) The low-frequency break corresponds to the viscous time at the outer radius of
the hot inner part of the accretion disc.

(d) Super-Eddington accretion in XRPs results in QPO. The QPO frequency can
used in independent estimations of the inner disc radius and, therefore,
magnetic field strength and structure in XRP.
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