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Model of Accretion Process Surrounding a
Compact Object (NS or BH)
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Composﬂe spectrum of Cyg X- 2
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EXOSAT-ASM-PCA (RXTE) power spectrum of Cyg X-2 in frequency range that covers 10
orders of magnitude. One can clearly see low and high frequency (LF and HF) white-red noise
components in PDS, related to the extended Keplerian disk and relatively compact, innner disk-
like configuration (sub-Keplerian Compton corona) respectively. Each of these two components
is perfectly fitted by our white-red noise model (dotted and solid lines are for LF and HF best-fit
models respectively.



Soft state power spectrum of Cyg X-1
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The composite soft state PDS is made by PCA (blue) and ASM (red) PDSs.
The PCA PDS is for ObsID 50110-01-52-00. Data are fitted by LF-HF diffusion model:
X2/Ngof = 184/228 = 0.81, the best -fit parameters t,, = (6 + 1.7) x 10° s, y =2.93 + 0.01.



LF QPOs in Black Holes

Cygnus X-1

GRO J1655-40
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Low-Hard State

MJD 53435 (March 6, 2005)
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Spectral index of the converging inflow spectrum

e Main idea of the
power law formation:

K
Iv < p >
where p 1s a probability of » \ |
single scattering . ;
after k scatterings '
k . ) 4 6 10
V k / VO — (1 + n ) . MASS ACCRETION RATE

Ths 7 = (v / vo)_a where = In(1/ p)/In(l + 1)
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Exponential and power-law probability
distributions of wealth and income in the United
Kingdom and the United States

Adrian Dragulescu, Victor M. Yakovenko*:!
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Abstract

We present the data on wealth and income distributions in the United Kingdom, as well as on
the income distributions in the individual states of the USA. In all of these data, we find that the
great majornty of population is described by an exponential distribution, whereas the high-end
tail follows a power law. The distributions are characterized by a dimensional scale analogous
to temperature. The values of temperature are determined for the UK and the USA, as well as
for the individual states of the USA. (¢) 2001 Elsevier Science B.V. All rights reserved.
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SIMULTANEOUS POWER AND ENERGY SPECTRA EVOLUTION
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Figure 1. Three representative energy (top) and power (bottom) spectra during
the rise part ofthe 1996 outburst of XTE J 1550—564. Data are taken from RXTE
cbservations 30188-06-01-00 (red). 30188-06-01-00 (blue). and 30191-01-05-
00 (black). In the top panel, the solid curves comespond to the best-fit model
spectra.



The inferred scenario of the spectral transition in Cyg X-1. Strength of disk
and outflow (wind) increase towards the soft states
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Fic. 15.—The vanation of the photon index in Cyg X-1 throughout the
entire RXTE mission.



PDS - harder part (blue) and softer part (red)
of Hard State of XTE-J1650 (TOO1)
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BH XTE J1650-500. BeppoSAX
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Fig. 7— LHS PS (blue) vs that of HSS PS (red) for two different energy bands: 2-10 keV
(left panel) and 0.12-2 keV (right panel). The HSS PS are fit with the sum of two broken
power—laws in the case of the 0.1-2 keV energy band, while it is fit with the sum of a power-
law and a constant in the 2-10 keV energy band. It is apparent that the relative power of
the HSS PS (with respect to LHS PS) strongly depends on the energy band.

Montanari, T & Frontera 2008
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Fic. 8.—Top: Observed correlations between photon index I' and low fre-
quency vy (red points) compared with those in two other BHC sources, XTE
J1550—564 and GRS 1915+105. The saturation value of the index varies from
source to source, but it does not exceed the theoretically predicted value of 2.8
for the converging flow of nonrelativistic temperature (see TZ98). Presumably,
the saturation value of the index depends on the plasma temperature of the
converging flow (LT99). Borrom: Observed correlation between photon index I
and break frequency vp for Cyg X-1.

Index- low QPO frequency
correlation
in BH candidates

Shaposhnikov & T (2006)



Ratio of sub-harmonic frequency to the low frequency
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Observed ratio of sub-harmonic frequency of the low frequency vg,
to low frequency v, as a function of v, . Two horizontal lines indicate
the corridor where the most of ratio points are situated.
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Transition Layer. Scaling method .

The radial motion in the disk is controlled by friction and the angular momentum
exchange between adjacent layers, resulting in the loss of the initial angular momentum by
accreting matter. The corresponding radial transport of the angular momentum in a disk is
described by the following equation [see e.g. Shakura & Sunyaev (1973)]:

o d e d o
M—(wR?) = 2m—(W;, R?). (1)

where M is the accretion rate in the disk and W, is the component of a viscous stress tensor
that is related to the gradient of the rotational frequency w = 27, namely,

dw .
(IR ’ ("‘ )

where H is a half-thickness of a disk and n is turbulent viscosity. The nondimensional

Wy = —20HR

parameter that is essential for equation (1) is the Reynolds number for the accretion flow,
v = M/4mH = RV, /D, (3)

where V) is a characteristic velocity, and ) is the diffusion coefficient. D can be defined as
D = V{;/3 using the turbulent velocity and the related turbulent scale, respectively or as
D = Dys = ¢*/o for the magnetic case where o is the conductivity [e.g. see details of the
D-definition in Lang (1998)].



Transition Layer. Scaling method II.

Equations w = wy at R = Ry, = bRg (at the inner TL radius), w = wk at R = R,y
[the radius where the transition layer adjusts to the Keplerian motion for which wi =
(GM/R*)Y?], and dw/dR = dwg/dR at R = R,, were assumed by TLM98 to be the
boundary conditions. Note that here we set the inner boundary at R, = bFs with b of 3.
This value of Ry, can valid for a BH which spin a is less than 0.8.

Thus, the profile w(R) and the outer radius of the transition layer are uniquely deter-
mined by the boundary conditions and the angular momentum equation (1-2) for a given
value of the Reynolds number ~ (see Eq. 3).

The solution of angular momentum equation (1-2) satisfying the above boundary con-
ditions is equation (10) in TLM98 and the equation (see TLM9S8, Eq. 11)

390ut/2—[)1 ’7out+2(1_D1) out (4)

determines 7.y, = R/ Rin as a function of y—parameter, where 6., = wi(rou)/wo and
Dy = (Ogue — 15.2) /(o0 — 75.2). The adjustment of the Keplerian disk to the sub-Keplerian
inner boundary creates conditions favorable for the formation of a hot plasma outflow at
the outer boundary of the transition layer (TLM98), because the Keplerian motion (if it is
followed by sub-Keplerian motion) must pass through a super-Keplerian centrifugal barrier
region.



Transition Layer. Scaling method lIl.

The TLM98 numerical calculations of Eq. (4) (see Fig. 2 there) showed that the
value of dimensionless outer radius r,, strongly depends on ~v—parameter (Re—number)
and independent of 6,,; for 0,,; >> 1, i.e when the rotational velocity of central of object
wyp 1s less of that at the TL outer boundary wg. In fact, one can see that the right hand side
of Eq. (4) is linearly proportional to #yy; if 8,y > 1 because Dy o Oy and |Dy /72| > 1
for B, = 1 and v > 2. As a result 6,,, can be canceled from left and hand sides of Eq. (4)

when 6,,; > 1.

It implies the CC dimensionless size l.. = (Rout — Rin)/ Rin = 7oue — 1 is a function
v—parameter ([Re—number) only in the case of 6,, = 1. Namely, given that Re—number
determines the spectral state (see TLM98 and TLO04) that CC dimensionless size . is the
same for any qiven spectral state of BH even if BH masses differ by orders of magnitude.
Thus the CC dimensional size L., = bRslee(y) =2 9lee(y)m km is just proportional to BH
mass m = M /M, for a given spectral state (or 7).

[t is worth noting that in the general case of non-dimensional frequency # (= wk/wo) the
size [ is a function of v and wg (or a BH spin a) too. The direct scaling of Lo = bRslcc(7, a)
with BH mass m is not possible anymore. There is a systematic shift of the values of [..(7.a)

for a given v because of BH spin a.



Black Hole Mass Determination.
THE MAIN IDEA

PO FREQUENCY VL BY DEFINITION IS A RATIO.

vV, % V/L

WHERE V IS A CHARACTERISTIC (ACOUSTID)
VELOCITY IN A GIVEN CONFIGURATION AND L 1S A
SIZE OF THE CONFIGURATION.

BUT VELOCITY V AND DIMENSIONLESS SIZE L__= L/Rg
ARE FUNCITION OF THE SPECTRAL HARDNESS (PHOTON
INDEX 1) (T, LaPiDUS & MusLiMOv 1998)

THUS FOR A GIVEN INDEX (SPECTRAL STATE) AND FOR TWO
BLACK HOLE SOURCES OF MASSES M,=M,/Mg, M,=M_/Mg

Loc V,- Lo V,=LOG (M /M)



Verification of the Scaling Method

GRS 1915+105 & GRO J1655-40
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BH Mass Determination in Cygnus X-1
Cygnus X-1 & GRO J1655-40

o4 |~ *  GROJ1655-40 2005 Decay
< Cyg X-1 =
N yg oM Cyg X-1=
8.7 = 0.8 solar masses
1.9
x
Q / .
| Optical: 6.85-13.25 M,
= 1
S
2 17t
o
16 | .
1.4 '
1 10
Vopo: Hz

SHAPOSHNIKOV & T (2007)



NASA PRESS RELEASE

NASA Scientists Pioneer Technique for "Weighing" Black Holes
05.09.07

Two astrophysicists at NASA’s Goddard Space Flight Center
in Greenbelt, Md., Nikolai Shaposhnikov and Lev T, have
successfully tested a new method for determining the
masses of black holes.

This elegant technique, which Lev T. first suggested in 1998,
shows that the black hole in a binary system known as
Cygnus X-1 contains 8.7 times the mass of our sun, with a
margin of error of only 0.8 solar mass.

Working independently, Tod Strohmayer and Richard
Mushotzky of Goddard and four colleagues used T's
technique to estimate that an ultra-luminous X-ray source in
the small, nearby galaxy NGC 5408 harbors a black hole with
a mass of about 2,000 suns.



Observable Index-QPO and Index-Mdot
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Index-Mdot saturation. GRS 1915+105
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The index saturation is a BH signature
SPECTRAL INDEX o=1I-1
~ T \—1 —1
& ~ (U‘Z\SC) — Y ‘

NUMBER OF SCATTERINGS

' L/l =
N, X =T
AVERAGE FRACTIONAL ENERGY CHANGE PER SCATTERING

n o 1/7 when 7> 1

SPECTRAL INDEX SATURATES WHEN CF OPTICAL DEPTH INCREASE!



Diverging Flow (Wind)

Vi=v»

Internal photon illumination

Inner radius

Inner radius
(BH horizon)

On the left side: A photon emitted near the inner boundary and subsequently scattered by an electron moving with

velocity v,, impinges on an electron moving with velocity v, as shown. The change in frequency is

v,=Vv, [14+ (v, - v,} *n/c]. Inadiverging flow (v, - v,} * n/c<0 and photons are successively redshifted, until

scattered to an observer at infinity. The color of photon path indicates the frequency shift in the rest frame of the
v receiver (electron or the Earth observer). On the right side: In a converging flow (v, - v,} * n/c>0 and photons are

blueshifted.
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The scaling method vs other methods
BH masses and distances

Source Mgym® , i d,b M sT03° M ocal decal. Refs.
Mg deg kpe Mg Mg kpe

GRO J1655-409 6.3+0.3 T0+1 3.24+0.2 1,2
GX 339-4 > 6 - 7.5+1.6 0.0+3.8(4) 12.3+1.4 5.75+0.8 5,6
410 1543-47 9.4+1.0 20.7+ 1.5 7.5+1.0 14.8+1.6 (6.4) 9.4+1.4 9.4+1.8 7.8
XTE J1550-564 9.5+1.1 72+5 ~2.5~6 94121 (5) 10.74+1.5 3.3+05 9.10,11
XTE J1650-500 2.7-T7.3 = 50 2.6+0.7 10.6+4.0 (5) 9.7+1.6 3.3+0.7 12,13
H 1743-322 ~11 ~ 70 ~10 - 13.3+3.2 9.1+15 14
XTE J1859-226 76-120 - 11 12.3+1.7 (11) 7.7+1.3 4.2+0.5 15,16
Cygnus X-1 6.8 - 13.3 35+ 5 2.54+0.3 - 7.9+1.0 2.24+0.3 3.4

aDynamically determined BH mass and system inclination
bSource distances found in literature
“M; = M cos;. Source distances used by ST03 are given in paranthesis.

dGRO J1655-40 is a primary reference source. All masses and distances given in columns 9 and 10 are
determined with respect to the best measured parameters for this source.

References. — 1Green, Bailyn & Orosz (2001),2Hjellming & Rupen (1995),*Herrero et al. (1995),* Ninkov
et al. (1987),°Muiioz-Darias et al. (2008).°Hynes et al. (2004),7Orosz (2003),*Park et al. (2004),°Orosz et
al. (2002),1°Sdnchez-Ferndndez et al. (1999).1!'Sobczak et al. (1999),'2Orosz et al. (2004).,*Homan et al.
(2006).'* McClintock et al. (2007).'® Filippenko & Chornock (2001),'® Zurita et al. (2002)



Index-Mdot saturation and

BH mass determination in SS 433
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Index-Mdot saturation and
BH mass determination in Cyg X-3
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Index vs High energy cutoff
XTE J1550-564
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 What 1s the nature of the observed correlations?
— Observed properites
* QPO requency i1s correlated with power law index
» Index saturates for high values of QPO frequency

* QPO frequency is correlated with source luminosity
(~dM/dt)

— Physics: first principles
e QPO frequency 1s inversely proportional to size

e Index 1s inverse proportional to Comptonization
efficiency (parameter)

e Photon trapping effect in the converging flow suppresses
the Comptonization efficiency for higher dM/dt

 What does it mean?
— Correlation curves should scale as 1/Mgy
— Saturation 1s a BH signature



K, line formation in the wind.
Direct component
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Fig. 9.— Spherical wind geometry and wind line profiles of direct component.



Observational evidence of wind.
l. Main idea of smearing out a pulsed signal

THE EMERGENT SIGNAL IS A CONVOLUTION

[
W(R,t) = / o("X(R,t —1")dl’
J0

wHERE @(t) 1s A PULSED sIBNAL AND X (R, t) o exp(- /%)) )
IS A SCATTERING REPROCESSING FUNCTION

THE RESULTING POWER SPECTRUM

|Ew(w, R)||* = ||Fp(w)||”||Fx(w, R)||”
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Fit quality (GK Per). "Relativistic model”




BH GX 339-4

Figure 5. X-ray spectra (left panels) and PDS (right panels) for the XMM-New ton /RXTE observations. Note that PDSs shows the variability features (white-red noise,
QPO and break frequencies) when the line is weak (see bottom panels). On the other hand PDSs are featureless when the line is strong (see top and middle panels).

keV/arF skeV

0.01

keViarF skeV

keVian®s keV

10

ol

0=

v
e

OBSERVATION 1

Power

001

107

10

107

102

10t

Frequency, Hz

T

OBSERVATION 2

Power

10

001

107

109

10"

10 100

1

OBSERVATION 3

Power

104

001

107

109

10

Encegy, KoV

L
100

106

0l

sl
10 100
Frequency, Hz



1000 0.01

++ Sep29, 2002 ——
i 0001 }
> IO "
% L fe-4
0
- W
5 o5 |
b ) |
0.001 1 1e-07 £
10 0.1 1
znergy, keV Frequency, hz

Fig. 7— Left: X-ray continuum spectra of BH GX 339-4 observed with RXTE on September
29, 2002 related to XMM rev. 594 (black points) and that observed on March 8, 2003 related
to XMM rev. 514 (red points). Right: RXTE power spectra (PDS) related to corresponding
X-ray spectra. It is evident that PDS related to the strong iron line appearance (red) is
featureless and noisy while in the case of the weak iron line the broken power-law continuum

(white-red noise) and break frequency of 2 Hz and QPO frequency of 8 and 16 Hz are clearly
seen in the PDS.
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01-02-000 are similar to those measured during Suzaku observation. Timing analysis shows
that high frequency variability during this particular observation is strongly suppressed.
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Red skewed line in Cyg X-2. Suzaku
observations
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Fig. 2.— Unfolded model fit to the Suzaku Cyg X-2 spectrum with the Model 4. The best-fit
model of the source spectrum consist of comptt (magenta). diskbb (green), windline (red)
and two gaussians at 1 keV (brown) and 3.2 keV (blue).
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Redskewed iron line profiles in CV (GK Per).
“"Relativistic model”’
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Summary

1. A new method for evaluation of the BH mass using this
observable index-frequency correlation is demonstrated.

2. In the soft state this index-QPO and Mdot correlations
show the saturation to the photon index at high values of
the low frequency which are identified as a black hole
signature.

3. The K_line iron emission with redskewed features in CV
GK Per indicates that the red skewness of the line cannot
be a BH particular signature related to the redshift effects of
General Relativity (GR).

4. If the mechanism of the K line formation is the same
in CVs, NSs and BHs then it is evident that the GR
effects would be ruled out as a cause of red skewness of
the iron line.



Condition for supression of pulsed signal

IFw(@)IP NIFu(@p)l|?mas= [(wpte)>+1]1<<1

max

which leads to inequality

NS case:
0.7t,%(v, /400 Hz)? (L/107 cm)? >>1
or t,>1
BH case:

(74 /0.02)(v,, /100 Hz)? (L/10"" cm)? >>1
or t,> 0.02.

The above relations are for scattered component of the resulting signal. The direct component of the pulsed
radiation is attenuated as exponential exp(-t )
e’

T, LAURENT & SHAPOSHNIKOV (2008)
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Best-fit parameters of the XMM Iron Line Spectra
for GK Per, Ser X-1 and GX 339-4

Table 2. Best-fit parameters of the XMM-Newton Line Spectra for GK Per, Ser X-1 and

GX 339-4
Source Best-fit parameters® of the Wind Line Model
GK Per 5 =001+ 0.005, 7 = 0.9 4+ 0.2, Tu' =0.14+0.05, EKL =6.4
Ser X-1 B=0024+001, 7w =05+01, iy =045+0.1, Exy = 6.67
GX 339-4 (rev. 514) B=027+0.04, 7y = 032+02, Tww < 2. Egr, =647
GX 339-4 (rev. 594) B < 0.008, Ty < 0.2, Ty < 0.1, Egep = 6.45

“*Energy of line and plasma wind temperatures in keV.



Summary |l of first part

1.  QPO-spectral index data contain information about the mass of
compact object.

2.  QPO-index scaling is a good alternative to dynamical mass
measurement.

3.  QPO-Index scaling method applied gives:
M GRrs 19154105 = (15.6 £ 1.9) Mgy

M = (8.7+ 0.8) Mgy,

Cygnus X-1

M H1745-320 = (10£1)Mgy BHC -> BH
My 339.4% Myre j18504206 ~ (9-7 £0.8) Mgy BHC -> BH

4. Simultaneous timing and spectral analysis is essential for diagnostics of
astrophysical compact objects. Missions like RXTE and BeppoSAX
are crucial.



Diffusive propagation of the perturbation in the disk
Formulation of the problem

The diffusion equation for the time variable quantity W(R.t), related to the surface
density perturbations AX(R.t), W(R.t) = AYX(R.t), can be written in an operator form

oW :

o ARW +o(t)f(R) (2)
where F is a radial coordinate in the disk and AR is the space diffusion operator. Equation
(2) should be combined with the appropriate boundary conditions at R = 0, R = Ry and
initial conditions at ¢ = 0. For homogeneous initial conditions, namely for W(R,0) = 0 the

solution at any R and t can be presented as a convolution

W(R,t) = / t ()X (Rt —t')dt" (3)
0

The kernel of convolution (3), X (R,t —t') is a solution of the initial value problem for the
homogeneous equation
0X
— = ArX 4
ot R (4)

with the following initial conditions

X(R.t - t)—v = X(R,0) = f(R) (

(W |
—



The power spectrum || Fy (w)||? of W(R, t) can be presented as a product of the power
spectra || F,(w)||* and ||Fx(w)||* of ¢(t) and X (R, t) respectively:

|1 Ew (w, R)|I* = || Fp(@)| || Fx (. R)I|. (6)

The X-ray resulting variable signal is determined by the fluctuations of the luminosity
ALx(t). We assume that the mass accretion rate variations AM(0,¢) is converted with
efficiency .57 into the variations of the X-ray luminosity, i.e. AL,(t) = c.rpAM(0, 1).

W01 show that for the function W(x,t) = zoW (x>, t) using a new variable = = R'/?
the diffusion equation (2) can be presented in the form

oW 30(x)PW -
ot 4x? Ox2 + et F ()

where v(x) is viscosity in the disk, F(z) = z(x) f(2?). The convolution, similar to Eq. (3),
presents the solution W(z, )

Wiz, t) = /0 t (X (z,t — t')dt

where A'(x, %) is a solution of the initial value problem (compare with Eqs. 4, 5)

oX  3u(x)PX
ot  4x2 Ox2

with the following initial conditions

X(x,0) = F(x).



The boundary condition at the outer boundary %—X =0 at r=uxg
I
Assumed that at the inner boundary i, < o, W = AX =0, which is equivalent to
X=0 at x=umx

We assume that perturbations of the mass accretion rate at the inner disk edge
is converted with efficiency Eeff  into perturbations of the X-ray luminosity, i.e.

AL(t) = zeg AM (t, Rin)

Because  AM = 3;—‘3)_”1) then Y (t) x ALx(t) x %(t,ﬂ).
T y

A A :
Now we consider a general case of problems where ] (;'l.?) — ( o / e );1:’#".

a. Viscosity linearly distributed over radius: P =
) o Zexp[— (2k — 1)%t/4t,).

. A D2 /9,
where the viscous time scale to = 4il'o/ 3y = 4R0/ 3v (RO)'

Then the power spectrum of Y(t) is: || Fy (v ||,, X Z Btor /72 ( 2k 1
0



The series in the right hand side of this equation can be calculated exactly

7 sinh2Y27a'/? 4+ sin 2'/27a'/?
23/203/2 cosh 21/2wal/2 — cos 21/2wal/2

1B (W),

m  sinhwal/?/2Y2 4 sin wal/? /21/2
25/203/2 cosh wal/? [21/2 — coswal/? [21/2

where a = Stov /.

As it follows from this formula that

|Fy (V)||? = Cy x ©*/96  when v < 7/8tg

. 1 1
2 _ ;
and [ Fy (v)]]; = Cn X 277r1/2t3/2 NEYE when v > /8.




General case
Although the series of power spectrum

2 [2k — (10 — 34)) /2(4 — @) — & /7]*
|FY I/)H X Z 8t01//7r — [21» - (10 — 3-1;‘))/2(4 — 1)) — €k/7(]4

has to be calculated numer/cally the asymptotic form of PDS can be easily evaluated
analytically:

|Fvy(V)||Z =Cnx x AL when v < /8t

Ap(v
| By (v)||2 = Oy X ,/(31355)/)2 when v > /8t

1 22y
where  AnlV) = 3gg mear o L+at’
v “

3 . 16 — 5
-8 = '
2 2(4 — )

o
I

for >0

and a=2 for ¥ <0.
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Fig. 1.— Examples of PDS models: PDS of fast rise and exponential decay (FRED) (blue
line), PDS of white-red noise (red line) and Lorentzian PDS (green line).



Integrated Power of X-ray emission
vs total integrated power of the disk configuration

We obtain that the integrated total power of X-ray resulting signal
> 1 P
dr
Po= [ IF
J 0

D Q C‘/’d'rtO
We arrive to the conclusion that the resulting integrated power
P,, which is related to the perturbation amplitude at the inner disk
edge, is much less than the total integrated power of the driving
oscillation in the disk P,

g
By

~ <D QW’(IIZL())_l < 1.



Evolution of Power density spectrum and
energy spectrum
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Cyg X-1: Observable power spectrum (PDS) (left panel) vs photon spectrum (right panel).
The first observation is a pure low/hard state with no LF WRN component in the PDS.
During the second observation the source energy spectrum is still hard, but LF WRN

is already detectable.
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The first observation is taken during the intermediate state just before the transition
to high/soft state, which is presented by the second observation.No HF WRN is
present in PDS during high/soft state.



Power spectra of Cyg X-1: Hard and intermediate states
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Two composite PDSs: EXOSAT spectra with matching high frequency PCA
PDS. Data are fitted by LF-HF diffusion model:

X2/ Ngor = 250.1/267 = 0.94, Yprong =2.32£0.12, 1. =1.8£0.3, yp = 2.5 and
X2/ Ngos = 278.5/267 = 1.04, Yoorona = 2.07 £ 0.7, t5 c =1.24 £ 0.12, yp= 0.3 £ 0.3.



Reynolds number of the flow and Shakura-Sunyaev disk - alpha
parameter as observable quantities

Using the best-fit parameters of the PDS model we can infer the evolution of the
physical parameters of the source such the disk diffusion time t,, magnetoacoustic
QPO frequency and Reynolds number of the accretion flow Re, with the change of

photon index. We can relate t, with Re and magnetoacoustic QPO frequency a4

- 4 4 [":\'IARO] ( RO ) . 4 4 Re
T3 —V)? | (Ro) Viea)  3(4—U)2apavara

because
Unia = Vara/(anaRyp)

These formulas leads to equation

3(4—)%,
Re = aAMI( v) (vpto)

that allows us to infer a value of Re using the best-fit model parameters
t, and the QPO low frequency V1. presumably equals to Vi



Determination of Reynolds number of accretion flow from
Observations |
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Fig. 8.— Cyg X-1: HF white-red noise component: the best-fit diffusion frequency v, = t;’
vs I' (upper left panel), QPO low frequency vgpo (vr) vs I' (right upper panel)

T, Shaposhnikov & Arefiev 2007



Determination of Reynolds number of accretion flow from
Observations Il
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Determination of Reynolds number of accretion flow from
Observations Il
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Observational Evidence of Compton Cloud
Contraction

3-5 I I I
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Cyg X-1: a product of QPO low frequency vqpo(v, ) and the best-fit diffusion time
of HF WRN t; vs I". Decrease of vqpq % t, with T" implies that Compton cloud contracts
when the source evolves to the softer states.



Driving QPOs in the observed power spectra
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RXTE/PCA power spectra (left panels) and powerxfrequency diagrams (right
panels) of GRO J1655-40 (top) and XTE 1859+226 (bottom). One can clearly see QPO
frequencies drat 10— 20 Hz for GRO J1655-40 and 185 Hz for XTE 1859+226 before
a high-frequency cut-off. The rms? power at v, is comparable (GRO J1655-40) or higher
(XTE 1859+226) than that at low frequencies (see right panels).



Power vs Driving QPO frequency
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Low QPO frequency vs Driving QPO
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Summary |.

We present a model of Fourier Power Density Spectrum (PDS)
formation in accretion powered X-ray binary systems derived
from the first principles of the diffusion theory.

The resulting PDS continuum is a sum of two components,

a low frequency (LF) component is presumably originated in
an extended accretion disk and a high frequency (HF)
component is originated in the innermost part of the source
(Compton cloud).



Summary Il

The LF PDS component has a power law shape with index about
1.5 at higher frequencies (“red” noise) and a flat spectrum below
a characteristic (break) frequency (“white” noise).

This white-red noise (WRN) continuum spectrum holds
information about physical parameters of bounded extended
medium, diffusion time scale and dependence of viscosity vs
radius.

We offer a method to measure an effective Reynolds number,
Re using the basic PDS parameters (PDS index and
characteristic frequencies).

We obtain that the inferred Re increases from 8 in low/hard
state to 70 high/soft state.



Accretion
column

‘ Hard photons

This cartoon illustrates the different emission patterns responsible for the time

lags of the pulsed emission. Cill is the disk illumination fraction. Soft time lag of
the pulsed emission is the result of downscattering of hard X-ray photons in the
relative cold plasma of the disk. A fraction of hard X-ray photons 1- Cill that are

upscattered soft disk photons coming from the disk and NS and directly are
seen by the Earth Observer.



Time lags and density variations in compact
objects
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The measured soft time lag of the pulse profile versus energy (crosses) with respect to the first energy
channel. The best- fit curve using the Comptonization model is shown with the solid line. The upper and
lower limit of the electron number density of the Comptonization emission area, are given in dot-dashed
line 1.6-2.6 x 10'8cm3. The panels corresponds (a) for IGR J00291+5934 including also the upper and
lower limit of the electron number density of the reflector, 6.1-8 x 108 cm-3, and (b) that for XTE J1751-
305, 6-6.6 x 10" cm3 and (c) that for SAX J1808.4-3658, 2.9-3.6 x 10'8cm3.



Time lag model

C'n

orntete

At = —

1 l 1 — 46,5/ 2 n(‘_:.,ef 1 — Ci In(z/2)
1 —
40,5 1— 49ref/z* nhot Cin 111[]. + (3 + Q’)ghot]
ref

e

(5)
where n.* is the electron number density of the reflec-
tor, n'°* is the electron number density of the Comp-
tonization emission area (accretion column). G =
kTrt /(mec?) is a dimensionless temperature of the re-
flector. We assume a typical value of 0,.¢ < 0.7 keV /511
keV. kT"°* and a are the best-fit parameters for the hot
plasma temperature and spectral index of the Comp-
tonization spectrum, and 6y, = kT, ;‘Ot / (772.602).
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Fig. 2— Cyg X-1: Observable power spectrum (PDS) (left panel) vs photon spectrum (right
panel) from low /hard to soft state of Cyg X-1. Data points are shown with error bars. PDS
is fitted by a product of sum of LF and HF white-red noise power spectra and Lorentzian
(see formula 67). We also use Lorentzians to fit QPO features. Black line is for the resulting
PDS as red and blue lines present LF and HF components respectively. Photon spectrum
is fitted by BMC+GAUSSIAN model. Black line is for the resulting spectrum as red and
blue lines present BMC blackbody and Comptonization components respectively. Grey line
presents GAUSSIAN of K, line located at 6.4 keV.



W01 demonstrated that the mass accretion rate in the disk ﬂf:f can be calculated as

oV
M = 37—
ﬂ-()l

Furthermore, we assume that the mass accretion rate at the inner disk edge is converted
with efficiency € eff into the X-ray luminosity, L(t) i.e.

L({-) = Seﬁ.j\:j(t’ Rz’n)

and thus 1%

- o AN b
Now we consider a general case of problems where I/(;l?) - (1/0 / i );l? .

j

a. Viscosity linearly distributed over radiu3' U = 2
) Zexp 2(2k — 1)%t /4to)
where the viscous time scale t, = 4;130 /309 = 4R2/30(Ry).

Then the power spectrum of X(t) is:

F 2
IEx W)l XZ (8tov /m)? ‘>L—|—1)

where Fx(w) = / h e~ X (t)dt
0
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Fic. 6.—Power spectrum (PDS) evolution of the source from the low/hard
state ( gray lines) through the intermediate state (blue lines) and soft state (red
lines) to the very soft state ( purple lines). The break frequency v and the low
QPO frequency are clearly seen in the low/hard, intermediate, and soft states.
In the very soft state the power spectrum is featureless; neither QPO nor break
are present. Any break and QPO features are washed out.
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BH mass determination:Cyg X-1
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Fig. 2.— Determination of BH mass in Cyg X-1. Correlations for Cyg X-1 comprises RXTE-
mission-long data from ST06 (blue color). Data for GRO 1655-40 is for the 2005 outburst
decay. The sources show similar saturation levels for both ends of correlation. Index-QPO
correlation scaling gives for the BH mass in Cyg X-1 Mgoyox—y =85+ 1.2 M.



BH Candidate: GX 339-4
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QPO-Photon Index Correlations in BH sources
Cygnus X-1 GRS 1915+105
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Index-Mdot saturation. GRS 1915+105
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