Propagation of mass accretion rate fluctuations

in X-ray binaries

under influence of viscous diffusion

2 Universiteit
J Leiden

Netherlands Organisation
for Scientific Research

Alexander Mushtukov
Adam Ingram

Michiel van der Klis
Galina Lipunova
Sergey Tsygankov
Juhani Mdnkkdnen




= t
o Syn (R, f) - -
Ty o \Sap  CSR.Des[5)+ —M—g—] . (3 Routh, aw T T
— ?GNiEi — / R / do: / 2
= H 2 — 00 — 00
N\z N~ — 7]
D3 AR A Now«PKR\ x M(R,R,ol)GM(R,R 02)
=1 - o J 7 Ur — ’ _ R' t_6 )>
J=1 i=j541 Ri R\GNzEz ®, 77 X <a(R ,t + T 91)a( ’ 2)/s-
+€2 3 N-2 N ’ d GIJCTJ Rout Rout dR” +oo +o0 + o0
—~1
,;.Z > AR ap A, Con(R1, Ra | f) = / / o /d01/d92/dz
NN = §
- _ / ’
S g,y \ XGy(Ro R0)Go (Ras R, )
7 4 () \ . —27mif(z+61—09)
’ ki ry,m\ \ _govt X’ya(Rl, R> | z)e .
Ly (k2 . o ¥
Gr(z,z1,t) = o\ 8'1’?‘ o zf;*p = 2 )
=2z 2 2 2 o \C#\W '
k2 V(; ku ) V(k k ) s M\d' “\\g\k‘“} \f\’@s
; i T1,Ri Tin i TR Tin (2) . RS
X Zexp (—8_{? %) ‘}z(ki Tout 7ki min) Ef dEg:;(R, P, E) S?k TO‘S"' 6‘7‘)9\ \e«)‘li \
A e AT e (129
out ) y e S Pl g\'
~ (’62.2' 4 _OE 24 3 (—bE)™ PE : ™ &f\’ \\
n) - J - (_ET?‘;E—_I t 3 Z_O —r —Lia—m (€ )) ) Qﬁi Ag? " \1‘\«‘9“
~ ik, ” a SR R R



Black holes Neutron stars

1 :ETTTT""I ]TI""TI ]llllﬁfl ]III”"] LRAL = IIIII"T] IIIlInrl Illllm'l IIIII"T] TTIT H Illllnrl IIIII"TI IIIImT] T IllmTl T TTIT ’
- Cyg X-1 (a) XTE J1650-500 (b) XTE J1550-564 (e) -
0.1 low/hard low/hard extreme low/hard ~
> T E
Q - f"““"“%"\ o AN
‘: = 1. M‘ ™y
g 0.01 bt | _F Y
o _g W ™ L) W 3
= ol FJ W iy 3
L= B 1‘ ]
103 & =
X E 3
: - E 0.1 g -
E 104 _E —|—' E: - ]
- : : A0535+262 -
1E g - et .
E Cyg X-1 (d) XTE J1650-500 XTE J1550-564 ) 0.01 3 3
. 0.1 3 high/soft high/soft very high §_ E w E
Q C i -
§ 001 L e i | S Bri )
SO = | L right 4
& F W’W e 25 N
x 107 1] “;’ 102 | -
[ C C N
g 10-¢ I 1‘» ‘i’l Qo_ o .
kS g " i Faint i
10-5 J L )
lo-‘ A AL llllll ' AL L lllll L AL llllll ' Ll
0.01 0.1 1 10 100 0.01 0.1 1 10 100 0.01 0.1 1 10 100 e ' 1 10 100
Frequency (Hz) Frequency (Hz) Frequency (Hz)

quency x Period

Observed X-ray
emission




Basic assumptions

Geometrically thin and optically thick accretion disc
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Green’s function

Rout
Any solution can be represented as  $(R t) = / G(R, R ,t — to)S(R', t0)dR’
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=20 (Lynden-Bell & Pringle, 1974)
) Rin>0, Rout= (Tanaka, 2011)
) Rin=0, Rout<® (Lipunova, 2015)
) Rin>0, Rout<® (Mushtukov+, 2019)
)

(b
(C
(d
(e Rin=Risco, Rout=°°, GR Green funCtionS (Ba/bus, 2017)



Surface density

Mass accretion rate

Green’s function

Rout

Any solution can be represented as T ) = / G(R, Rt — t0)S(R', to)dR’
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Radial coordinate, R

Rin

Corresponding mass accretion rate:

M(R,t) = 67rR1/28% (uE(R,t)R1/2>

Green 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 in the time domain
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/
m(R,t) = / dR’ GM(R, R',t) Xt a(];,’ )
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Fourier transform
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We need to construct Green’s functions in the frequency domain



Power
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Mass accretion rate fluctuations in the time domain

0.1

Fourier frequency

IG(F)I*

0.1

0.01

|

Fourier frequency

10

BH
‘ ——

Fourier frequency



IGy(RR"f)

Mass accretion rate fluctuations in the frequency domain

initial fluctuations
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The Green’s function absolute value
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The Green’s function phase angle
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Power spectrum of the mass accretion rate
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The power of mass accretion rate at R=50.
Accretion disc Is extended up to R=200.

Power*(f/f,)

The power imprints the inner and outer radii
and
strongly depends on the power spectrum of initial
fluctuations.
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Zero-centred Lorentzian:  |a(f)|® o« — —— v
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Cross-correlation function of the mass accretion rate
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Ca(Ru Balf) = | @ AR(R)G(R1, R, f)G" (R, R, f)

<Sa(R, ) @ [6(f) + S0 ]
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Coherence function: Coh(R1,Ra2 | f) =
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Cross-correlation function of the mass accretion rate
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The phase angle of cross-correlation function
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Power spectra of X-ray flux variability
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Phase Lag, rad

Cross-spectrum of X-ray flux variability
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an example of Green’s function
in the frequency domain
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Phase Lag, rad

Cross-spectrum of X-ray flux variability
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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
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Aperiodic variability
in X-ray Pulsars
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X-ray pulsar A0535+26

Ecyc,0=45 keV Ecyc,1~1 00 keV Pspin~1 00 SeC
Two luminosity states: Li=1.7*10% erg/s L>=3.8*1036 erg/s
1019 R LU P rernm I 1
Gas pressure dominated
1018 disc

The inner disc is still
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X-ray pulsar A0535+26
Ecyc,0=45 keV Ecyc,1~1 00 keV Pspin~1 00 sSeC

Two luminosity states: Li=1.7*10%° erg/s L>=3.8*1036 erg/s
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X-ray pulsar A0535+26
Ecyc,0=45 keV Ecyc,1~1 00 keV Pspin~1 00 sSeC

Two luminosity states: Li=1.7*10%° erg/s L>=3.8*1036 erg/s
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X-ray pulsar A0535+26
Ecyc,0=45 keV Ecyc,1~1 00 keV Pspin~1 00 sSeC

Two luminosity states: Li=1.7*10%° erg/s L>=3.8*1036 erg/s
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Conclusions

(a) viscous diffusion suppresses effectively 1000 |
variability at time scales smaller than
local viscous time;

(b) the fluctuations of the mass accretion _
rate propagate both inwards
and outwards; 10 |
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§ (c) as aresult, propagating fluctuations give rise
£ o0 not only to hard time lags as previously shown,
but also produce soft lags at high frequency
o similar to those attributed to reflection
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(d) The break observed at high frequencies in the 10% £ i mo

PDS of XRPs corresponds to the minimal time scale
of the dynamo process in a disc. As a result . VY
PDS of XRPs can be used as a method of . W My 3
independent measurements of magnetic field ' ]|
strength and structure in XRPs.
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