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BeniMunHa o HanpsiMyto cBsi3aHa CO CKOPOCTbIO NMPOTEKAHWSI BA3KOM 9BO/OLMA B AUCKE.
AcTpodin3nyeckmne ANCKN, B KOTOPbIX MMEHHO BA3KME MPOLIECChI OnpeaensioT
HabnogaeMyto 3BONIOLMI0 — 3TO ANCKM B PEHTIEHOBCKNX HOBbIX BO BPEMS BCMbILLEK.
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4U 1543-47

Porb=1.116 day

Mopt ~ 2.5 Msun

D ~ 9 kpc

BH: Mx=8.4-10.4 Msun
(Orosz 1998)
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Fig. 1.—Plot of 2—12 keV ASM light curve (fop panel) and hardness ratio
(5-12 keV)/(3-5 keV) (bottom panel) for 4U 1543—47. The vertical lines at
the top indicate the times of pointed RXTE observations; the larger tick marks
indicate observations analyzed in this paper.
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Fic. 2.—(a) Total flux, (b) disk flux, (¢) power-law flux, (d) line flux, and

(e) ratio of the power-law flux to the total flux for PCA observations of 4U
1543—47 in the 3-25 keV band. All fluxes are given in units of 10~!? ergs
cm~* s~!. When error bars are not visible, it is because they are smaller than
the plotting symbol.
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CIMNEKTPAJIbHOE MOAENTMPOBAHWE cnektpa 3-25 keV,

YTOObI MpPaBUJ/iIbHO HaNTW TeMI akKKpeunn oT BpeMeHN

15|_"E"|""|""| ] L B I B B L B ™ 1.4
: % 4 - : 1.2 -
10' [ 7 12 L i_
B ; |
Q :; iiﬁ :/_\ I H | 3 1_g§?§§§u!i,i§ {%EHEQH |
o | %ﬂi 18 }H 1S . %&5 [ |
2 5r o (; 13 . ;%igiiiiﬁgiﬁx_—&&iﬁgﬁ é ‘_ h% O.B_— —
= T - 1 o0sf .
-u-ﬂi_ .
0~ iy _ 6 _
440 450 460 470 480 440 450 460 470 480 440 450 460 470 480
T T T T T L B . B B L B B B
- 1 0.15 - % -
3 b F ] : 4} 15 .
g } - 1~ I 1? ] .
TSNS TUE TR b ¥ S S A Y |
E2‘5_‘fiiﬂﬁil GE%H __‘% I 3 ii:‘“x Ll ]
F~ - i' «Z - %ﬁ J . ..,' ? "ot ."::
ﬂ i: 0‘05__ Ei $ ] I .’C}G' .".::‘ j
2 | :H ] i % i 05 . .
} § ;;ii.ii ‘-ﬁf 7
L 3= ="y _
I A B OT....|....|....|....T [ B S B

440 450 466 4':’0 480 440 450 460 470 480 440 450 460 470 480

Days after MJD 52000
3DBOMIOUMA cNeKTpasibHbIX NapeMeTpoB, nosydyeHHada B XSPEC B moaenu
tbabs * (simpl * kerrbb + laor) * smedge ana Ha6noaeHnn RXTE/PCA B

2002. YO. mX = 9.4 and Qor = 0.4, HaknoHeHne 1 = 20. - 7.



MoaennpoBaHHbIV NUKOBLIA TEMIM aKKpeLun B
3aB/CUMOCTU OT napameTpos Y/.

* - a =0.998
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O6y4YeHne B PEHTTEHOBCKNX HOBbIX

N T =C.
Oin 0sp Ly = Cin 4mr?  (Lyutyi & Sunyaev 1976; Cunningham 1976)

HabnogarensHble U TEOPETUYECKME YKA3aHUS: Cirr ~ 5 X 10_3

dz z
Mapamemp o0671yyeHust Cire = 11 F(6) (E - ;)
P(0) YrnoBoe pacnpegeneHne LeHTpalbHoOro noToka

BbicoTa nepexsaTta 06/1y4eHnst Haf, N/1I0CKOCTbIO
CUMMETPUK

N [lonsi nepexsaTblBA€MOro notoka, Kotopast
nepepabatbiBaeTCcs B TEMN/I0BOE U3NyUYeHne



O6y4YeHne B PEHTTEHOBCKNX HOBbIX
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Freddi — compute FRED-like light curves of LMXB

> Qverview

The code solves 1-D evolution equation of Shakura-Sunyaev accretion disk. The code is developed to simulate fast rise
exponential decay (FRED) light curves of low mass X-ray binaries (LMXBs) for the paper “Determination of the turbulent
parameter in the accretion disks: effects of self-irradiation in 4U 1543-47 during the 2002 outburst” by Lipunova &

Malanchev (2016) arXiv:1610.01399.

Installation

Docker

If you are familiar with Docker then you can skip all further installation instructions and go straight to the Usage section,

using following string instead of ./freddi .
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Figure 19. Modelled evolution M(t) for different opacity implementations
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dUTNPOBaHME NPU NOCTOSHHOM pajuyce ropsiuero amcka
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Figure 12. Same as Fig. 8, but Cj;; and « are different; The hot evolving disk
has a constant size before day 30 because the self-irradiation is very strong
(solid line). The dashed line shows the best-fit result for the disk with less
but constant radius.



Mogenb ¢ nepemeHHbIM paauycom, Rhot @ Tir=1e4 K 11

5 F" T T T A AArSa 1 o 4 .
S m,=9.4 ago=0.4 C;;=0.00029 a=1.28 . §I 'm_—6 a,__—0.6 C, —0.00028 a=0.73
—_— - . 3 -
LR St
@ t © 2 F £
-—IO ""?'
; 5 = 1t
0 [~ L] - 2 —
1 1 | |
0L L L | | - 0 10 20 30
0 10 20 30
1 1
0.6 [ -
0.6

0.2 | -
02 I 1 . . . . 1 . . . L I . . . L I
0 10 20 30
1 L L L L 1 L L L i l L L L i l Days since MJD 52446
0 10 20 30
Days since MJD 52446 Figure 9. Same as in Fig. 8 but the BH parameters are different. Distance

obtained from the spectral fitting is 4.7 kpc.
Figure 8. Top panel: modelled and observed M(t) of 4U 1543—47 (2002).
Lower panel: evolution of the radius of the hot zone Ryy. Disk parame-
ters and resulted a are indicated in the top panel. Distance obtained from C ~ 3X 10-4
spectral fitting is 8.62 kpc. irr



Mouck B mogenu ¢ nepemerHbim paguycom 11

1.5 i 8 1

o5 ¢ |

o O @ % §

e o & X x
X P

8 Q % |

0 % X * |

% ¥ |

05 [ 4 __

.~ 3X10_4 I I | Lo |

Irr ' T S R L

6 7 8 9 10

Il — He UCKIOUYEHOD, YTO HEOBXOANM YUYET BANSHUSA XO/10AHOM
30HbI Ha [IBMXXEHME TPaHULbI



FREDDI: ¥YTouHeHne dhopmynbl

1719 3aBUCUMOCTU @ OT NapaMeTpPOB BCMbILLKN

a =~ 02 f(Rhota rexpa Mmam mx)

Henpo3spayHocTb Kpamepca

25/16 _ . -3/8
f — Rnot (rexp) > M_max m5/l6
Ro 304 1018 g -1 X

Anpokcnmauuna tTadnuu, OPAL

12/7 _ . -3/7
f= Rhot (texp) o Minax 2!
R 304 1018 g g1 *

0.5

f (Rmox’ N

hot exp’ max’ X

m,)

Figure 13. Dependence of « on burst/disk parameters. The line is the ap-
proximation for the FReDDI results (dots) with the constant radius Ry, and
Kramers opacity, see Eq. (13). The power law is explained in the text be-
fore Eq. (4). Symbols below are the results obtained for the disk with the
variable radius of the hot zone Ry set at Ty = 10* K (same as in Fig. 7).
Functions f for two opacity laws are given by Egs. (14) and (15).
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- annpokKcumauma pesynibTtartoB YAC/IEHHbIX MOAENTMPOBaHUIA APYTrUX
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Kotko & Lasota (2012) OueHka Typ6yneHTHOro napamerpa
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Menou et al. (1999)

M(t) — Mpeak (Rfront(lt)/Rhot,peak)z'2

Rfront(t) — Rhot,peak — Ufront [

Ufront = ka Usound » Usound = \/% Tcrit/)u ’ k ~ 1/14 .
T =4.7X 10* K




[onck @ B MOAENW C oxNiaxaatoLmnm OpoHTOM

o o 111
(KaK B Kap/IMKOBOWN HOBOW)

Rrrnnt/ Rt.ll:l

15

16

1'? _I 1

0.6

0.2

[ J i j
: 0.3
: hot
- 1 L | L 1 L 1 I -
10 20 30 40 £ 0.2 i
T T T T
3] . L
. D - O.l
o . i
JJj"”f'ﬂ!“tlm:r---.‘le_ig i? :
- -~ m -
. o
|
| I | . 1 L | I L . .
10 20 30 40 o
| !
) 1 ) L | L ) L N | L N L L 1 | L
10 20 30 40 50

Days since MJD 52446




CpaBHeHMe NoToKa B onTuyeckown nosoce B

14.5 ¢

15 -

16

14

16

C. =3e—4

Irr

i I
| | iy
20 40
| m,=9.4, ay, —0.4

- D

- |

o
N D _

Days since MJD 52446

[1lapameTp o6nyyeHns

C. - 5x10_3
Irr

NCK/TIOYHaETCA

Cirr ~ (3-6) x 10" nnm

eLle MeHblle



CpaBHeHMe NoToKa B onTuyeckon nonoce J

13 T T T I
I . m =9.4, a =04 ]

14

14.5

15

15 L L e

10

iy

+
SN 4

.

W (10" g/s)

) | 1 1 1 | 1 1 1 | 1 T 1 |_

1 1 1 [ | 1 I
440 450

1 1 I
460

470

I-P L
m i | I | I | I I |_
o



1610.01399v1 [astro-ph.HE] 5 Oct 2016

arxiv

Determination of the turbulent parameter in the accretion disks:
effects of self-irradiation in 4U 1543—47 during the 2002 outburst

G. V. Lipunova*, K. L. Malanchev

Lomonosov Moscow State University, Sternberg Astronomical Inst., Universitetski pr. 13, Moscow 119991, Russia

6 October 2016

ABSTRACT

The accretion disk around black hole in 4U 1543—47, a binary system with the orbital period
of 1.116 day, can have the size of about 4R. An outburst of 4U 1543—47 in 2002 has a char-
acteristic exponential decay time of about 15 days. Such fast decay cannot be explained by the
viscous evolution in the whole disk, and the evolution of the inner hot disk with changing size
should be considered. Accretion rate evolution of this burst is obtained from spectral mod-
elling of the archival RXTE/PCA data. Estimates on a are derived by fitting observed M(?) to
the numerical results of the code Freppr for a range of black hole masses and Kerr parame-
ters. If the self-irradiation of the disk by the emission from its center, which is parametrized
by factor Cj;;, was as high as suggested for other X-ray transients then the disk was completely
ionized and the short time of the decay required huge . Different scenarios are possible de-
pending on the degree of irradiation. If irradiation factor Cj;y was about 5 X 107#, a decade
lower than suggested for X-ray transients, the disk could be viscously evolving with the hot
zone size controlled by irradiation. For even weaker irradiation, the burst decline proceeded
as in normal outbursts of dwarf novae and ape ~ 0.1 — 0.3. The analytic approximations are
derived to estimate @ in X-ray novae using M(f). Resulting @ can vary remarkably depending
on the unknown black hole Kerr parameter and the self-irradiation degree.

Key words: accretion — accretion disks — binaries: general — methods: numerical — X-rays:
individual: 4U 1543-47

1 INTRODUCTION

X-ray transient 4U 1543—47 (V* IL Lup) is a low mass X-ray bi-
nary system (LMXB) that shows outbursts in X-rays about every
ten years. The compact accreting object is a reliable black hole can-
didate. The binary has the orbital period P, = 1.116 day (Orosz
2003), which is longer than those of most LMXBs with known or-
bital periods. For example, the X-ray novae with black hole can-
didates A 0620-00, GS 112468, GS 2000+25, GRO 0422+32
have orbital periods less than 10 hours. The optical companion in

timescale. As the model predicts, this happens first at some radius.
An ‘avalanche’ proceeds to other disk rings outwards and inwards,
converting the disk to the hot state. An outburst in an X-rays oc-
curs after a transition of a substantional mass in the disk to the hot
state and after the redistribution of the torque led to the increased
accretion rate in the centre. To reproduce outburst cycles of dwarf
and X-ray novae it is necessary that a-parameter is higher in the
hot state than in the cold state (see, e.g., Lasota 2001).

Viscous evolution of the disk redistributes mass and viscous

~oa A n LV T | 1 A PL TR



BbIBO/IbI

OnpeneneHve « B 60NbLWIKMX ANCKAX TpebyeT akkypaTHOro
paccMoTpeHnsa adodpekToB 06/1y4eHNs, KOTOpPOoe BANAET Ha pasmep
ropsiyero gmcka

B 4U 1543-47 (2002) dpopma 3aBUCUMOCTU TEMMNA aKKpeLnmn ot
BPeMeHW roBOPUT OT TOM, YTO paanyc ropadero gmucka He Mor ObiTb
MOCTOSAHHbIM

O6 3TOM Xe roBopAT Tpedyembie BENIMUNHLI O — C/IULLKOM
6onblune. Takon guck 6bia1 Obl, ecn napameTp 06/yYeHuss —
TUNWUYHbIA ON19 PEHTIEHOBCKMX HOBLIX (5e-3, Dubus et al 2001)
CnepoBaTtesibHO, NapamMeTp 06/1y4eHNss MeHbLUe, MPUMEPHO Ha
nopsaoK.

Takoe ke 3HavyeHne NoAKPenNaeTcsa Be/IMYNHOM NoToka B nonoce V
ndJ

Bo3moxHO, Benbiwka B 4U 1543-47 (2002) pa3suBasiach Mo
CLleHapuIo BCNbILLKK B KAp/INKOBOW HOBOW.

Co3gaH nyosiM4yHO AOCTYMHbIN KOA MO pacyeTy KpuBbIX 6ecka
PEHTreHOBCKMX HoBbIX Freddi

[MonyyeHa ¢ nomollbio Freddi annpokcMmaunoHHasa doopmyna ansd
OLlEeHKN napameTpa TypOyNeHTHOCTU B KOPOTKO-NEePUoanNYeCcKnx
PEHTreHOBCKMX HOBbIX B 3aBMCUMOCTU OT MNKa N eXp BPEMEHMU
Temna akkpeuumn, maccol U n pasmepa gucka.
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