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Comprehensive study using NICER
Wideband Spectral Analysis

Investigation of absorption feature

Summary & Conclusion
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4U 1543-47

Discovered by Uhuru satellite on 1971
Subsequent outbursts : 1984, 1992, 2002, 2021
RA = 15h 47m 8.27s, DEC = -47°40'10.8" (J2000)
The brightest XRB source ever discovered :

11.6 Crab in 2-4 keV (2021 outburst)

Distance : D = 7.5+ 0.5 kpc (Jonker & Nelemans 2004)
Mass of the black hole : M =9.4+1 M, (Russell et al.
2006)

Low orbital inclination
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Lightcurve and Hardness ratio
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NuSTAR /tbabs(diskbb+powerlaw)

Maximum on ~day 60



There is no comprehensive study in literature based on 2021
outburst of 4U 1543-47.

We noticed extreamly strong and dynamic absorption
features in the 2021 outburst spectra: has not been observed
in XRBs.

Find out the origin of this unique absorption feature and
understand its role in accretion.
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Olejaalol s Study of the Outburst

- Hardness Intensity Diagram -
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Phenomenological Modelling

Wideband Spectral
Analysis

For Comptonized spectrum: thcomp

For strong absorption feature : gabs

For weak Fe Ka absorption edge : edge

NICER-NUSTAR

Model M1

AstroSat
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40 60 80

Time (days since MJD 59370)

decreases throughout the outburst decay.

increases till ~day 60, then decreases.

decreases till ~day 60 then increases - behaviour is

consistent with the spectral softening trend. Only a
tiny fraction (< 3 % ) of the soft photons Comptonized
in the corona.

increases till ~day 60: dynamic
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increases till ~day 60, then decreases.

decreases till ~day 60 then increases - behaviour is
consistent with the spectral softening trend. Only a
tiny fraction (< 3 % ) of the soft photons Comptonized
in the corona.
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Luminosity exceeds L_,, for the peak, then declines




Reflection Modelling (RELXILL)
Wideband Spectral
relxilllp: powerlaw photons from corona with a high-

Ana'YSIS energy cutoff illuminate the disk and reflected

For strong absorption feature : gabs

NICER-NuUSTAR

Model M2

AstroSat
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Investigation
of the
Absorption feature




A\osiolgelt[e]aREEIBIEEREN in the Spectra of 4U 1543-47

..can be due to

Obscuring cloud in the line-of-sight

Occultation due to companion star
Stellar wind from companion

Strong accretion disk-wind
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A\osiolgelt[e]aREEIBIEEREN in the Spectra of 4U 1543-47

..can be due to | | |
Used partial covering fraction model (pcfabs)

'

No improvement in the fitting

X

Obscuring cloud in the line-of-sight

Occultation due to companion star

Stellar wind from companion

Checking for orbital variations

Strong accretion disk-wind




» All NuSTAR epoch data fitted using M1
and M2

| - Estimated gabs-strength (S)

of GTls

« Simultaneous joint fit of all GTl-patches
under each epoch using M1

« Estimated gabs-strength (S,)

» Extracted spectrum from different patches



Binary orbital period 26.79 h

The orbital position of each patch is
identified based on the start time of Epoch -1

Strength (keV)

Plotted S-S, against orbital phase

Residual varies within 0.5 keV 20 40 60 80
Time (days since MJD 59370)

Residual Strength (keV)

Phase (degree)

Residual strength (S - S, ) is measured
for each patches inside an epoch
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Binary orbital period 26.79 h

The orbital position of each patch is
identified based on the start time of Epoch -1

Strength (keV)

Plotted S-S, against orbital phase

Residual varies within 0.5 keV 20 40 60 80 100

Time (days since MJD 59370)

Orbital position of BH i
and companion is not responsible Y e (dosmec)
for the dynamic nature of the

absorption features

Residual Strength (keV)

Residual strength (S - S, ) is measured
for each patches inside an epoch



Absorption features
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Occultation due to companion star x
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2 Stellar wind column

density and ionization should
decrease with
X-ray luminosity, therefore
absorption strength also
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Absorption features

..can be due to

Super Eddington peak luminosity of the source can launch strong
disk-wind

» Disk-wind is more prominent in the soft state of XRB

* If the disk-ionized winds are responsible for the absorption
features,

. . . . x expect maximum strength for the features when the source is
Obscuring cloud in the line-of-sight softer : ~ day 60
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Transition energy of the most ionized line with the highest
absorption yield (Fe XXV and Fe XXVI) : 6.68 and 6.97 keV

Assuming the feature is produced by absorption of the
accretion disk photons by highly ionized blue shifted disk-
Wiigle}

Estimated wind speed >

Broad feature can be produced by combining multiple
lines of various ionization states of iron.
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Transition energy of the most ionized line with the highest
absorption yield (Fe XXV and Fe XXVI) : 6.68 and 6.97 keV

Assuming the feature is produced by absorption of the
accretion disk photons by highly ionized blue shifted disk-
Wiigle}

Estimated wind speed >

~30% of c

Broad feature can be produced by combining multiple
lines of various ionization states of iron.

1% relativistic disk-wind in XRBs!




Equivalent width
evolution

Phenomenological modelling shows the presence
of the neutral Fe Ka absorption (edge) at
~ 7.1 - 7.4 keV (from outer disk)

Once the luminosity reduces, there is a sudden
infall of matter onto the BH, leading to an
evacuation of the inner disk.

Sudden drop of ionized EW (BC) can be due to the
evacuation of the inner disk.

Highly
luminous

inner disk Disk-wind maximum

lonised

40 60 30 100
Time (days since [[JD 59370)
Enhancement of disk
matter due to irradiation
of the outer disk

Significant reduction in disk luminosity
Inner disk matter lost : [SYEIelSf]q(el)




Equivalent width
evolution

Back to gradual

declination
If evacuation happens drop of soft photon flux

Expect relatively harder spectrum

Observed drop (14%) in soft flux (0.5-7 keV)

Inner accretion disk recovers over the next 10 days
(CD) due to transfer of matter from the outer disk

20 40 60 80 100
Time (days since MJD 59370)

Neutral component (or the outer disk) follows the
same trend as the ionized component with a delay of
the viscous timescale
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Summary &
Conclusion

Exhibit super Eddington peak luminosity on Epoch 1.

Source is in HSS through out, with a steep I' due to a very small fraction (< 3%) of inverse-Comptonized
photons and low corona temperature.

Inclination of the system ~32° -40°
Extreme luminosity, high ionization (log € > 3) and overabundance of iron.
HID : correlated evolution of flux and HR (thermal disc origin)

A broad, dynamic absorption feature at ~ 8 - 11 keV : 1sttime in XRBs. We propose that this feature is due
to the absorption of the accretion disk photons by the highly ionized, blue shifted disk-wind.

Estimated wind speed of nearly 30% of speed of light

The evolution of EW of the neutral absorption component (edge) and the ionized component (gabs), follow
each other with a delay of the typical viscous timescale of 10 - 15 days. The evacuation of the inner
accretion disk - a drop in the soft photon flux and an enhancement of hard flux.



THANKS !
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Data reduction

Swift/XRT

Used xrtpipeline

Source spectra : Circular region, R= 30 pixel

(for pile up data annular region of outer

circle 30 pixel and varying inner radius)
Background : Annular region of 70-130 pixel radius

Response file and ancillary response files are
created

Grouping : 20 photons per bin

NuSTAR

Used nupipeline
Source spectra : Circular region of 30 (35) pixel radius

Background spectra : Circular region of 30 (35) pixel
radius

NUPRODUCTS task is used to generate science
products such as light curves, energy spectra,
response matrix files (RMFs) and auxiliary response
files (ARFs) for both telescopes FPMA and FPMB.

Grouping : 30 (50) photons per bin
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Data reduction

NICER

Used nicerl2 task

Applied barycenter corrections

RMFs and ARFs are generated
Background : generated using nibackgen
Grouping : 25 photons per bin

Systematics: 1.5 % (1%)

AstroSat

Pile-up: annular extraction with Rin= 3 (2) arcmin and
Rout=16 (15) arcmin.

SXT: Sourc spectra, background and RMF files
generated.

ARF file generated using ‘sxtARFModule'.
Grouping : 30 photons per bin

LAXPC — LaxpcSoftv3.4, source spectrum,
background and spectral response generated.

Systematics of 2% - for SXT & LAXPC



Table 4.2: Wideband NICER-NuSTAR simultaneous pairs and AstroSat observations (highlighted in grey colour) using the model M 1:
tbabs (thcompxdiskbb)edgexgabs and tbabs (thcompxdiskbb)gabs respectively. The error values represent 90% confidence
interval. The NuSTAR data on Epoch 8, 11 & 12 are not included here as no simultaneous NICER observations are available. The
bolometric (0.5 — 100 keV) observed flux and estimated luminosity for each epoch is also shown.

diskbb thcomp edge or gauss” gabs ,
Epoch nu e d Fhor Lpoi
(x1022 Tin norm I kpT. |cov_frac| line E Doro line E o strength (x10~8
cm=2) (keV) (x10%) (keV) | (x1072) | (keV) (keV) (keV) (keV) (keV) ergcm™2 s~ Y| (Lgag)

/ +0.002 3 77+0.002 +0.05 | +0.06 f 7 2+0.2 +0.05 A4+0.01 +0.1 +0.09 A4+0.08 q 2 +0.04 5~+0.14
1 0‘470—[].002 ]"?_—{).[]02 7'96—0.05 2'44—0.05 20 "3—02 ?']6—{).{)5 0'04—0_{)1 ]{]'U—f].l ]'60—0.{)‘) 0'84—0.{)8 0.90 _7‘64—[].0-1 1‘:)2—[].14

’ / +0.002 q+0.002 | £ +0.04 | A 0.1 +3.9 o+0.2 o+0.07 +0.01 | g g+0.1 =+0.07 +0.1 ~n+0.02 o&+0.09
2 0‘458—[].0{)2 I ']DJ—{).[]OE 6'07—0.0'1 2‘0—{)_I 1 '6—1.‘) IU')—l’].l 7.1 J—{).{)T I0'“3—0_{)1 )'g—f].l I '63—0.{)8 I '2—f].l 1.00 17‘22—[].03 0. JS—[].U‘.}

0.02 0.01 1.5 0.14 0.07 0.15 0.34 0.47 0.1 0.001
30105240 0997900 | 15.4% 5 [1.84*015 1 207 0397007 677700 0.6/ 7.35703% 27 173t0AN 117 1954 | Lo7HGO)

Af1+0.002 Q4+0.002 +0.05 | 4 4+0.1 f +0.1 +0.07 5+0.01 4+0.1 |1 g4+0.08 +0.2 95 n 2g+0.02 - Q+0.06
4 1046175 005 | 1.0947 005 15-825 s | 2:275 20 03757 |7.277507 10055, [ 10455 1194705 | 2.25,7 (095 123875 | 0-687, 0

5 0,458+{)'[](}2 ]_050+0_{)l’]2 5.77+[]'f]'l 2"),+0.2 20_,{' O_j+[]_l ?.28+f]'(}5 0_06+f].{}l ]{]_?+[]_J ]_9?+l’].08 2.7+[]'2 1.02 10‘10+{).[]l 0,5(‘i+{)'[]5

~0.002 =0.002 —~0.04 =02 “-0.1 -0.05 =0.01 -0.1 -0.07 -0.2 -0.02 -0.05
6 | 0.50*002  0.97+002 | 12 1+13 | 2.3f 20/ | 034002 6774018 0.6/ 9.05t03L 257 227406 127 1394006 |0.76:0.%0!
7 | 0541001 0.98*001 17,64+033 12 26+0.06 | 20/ 0.2/ . . 10.7402 1.46*0:24 156023 129  9.36'921  10.51+0.004
o[04I 09664 5 60| 26163 | 207 | 0143|7447 j00sg | 105153 [20248 | 3315 |105| e8| 03sry
10 | 0534000 0.961000 15.63*0:311.92*03% 1 207 |0.1179%% s s 10.1%92 1.56*93% 2.13*93 128 7.597001  10.40*0%0L
13 | 0524900 0.91*00! 17.48*0.2011.77:00% 1 20/ |0.12790% - - 9424070 075700 047701 110 6597005 10367000
14 | 0484901 0.91+000 17.02+058 11.94+0:02 | 20/ 0.4/ . . 10.7+02% 1.34*%18 1474918 131 6.227% | 0.34*0%8

A65+0.004 on4+0.030 | g +0.09 |- +0.04 f +0.1 +0.08 +0.05 | g g+0.3 +1.2 +1.1 o) 5 Ge+H0.02 +0.03
L5 0‘465—[].010 0. )m—{).[]ﬂ'l 6. lo—f]_(\f) 2'09—0.01 20 1 '6—0. 1 7.31 -0.14 0.1 0—0_{)3 )'6—0_3 2.1 —0.4 1.1 -0.3 1.27 :)'66—[].[]2 0.31 =0.03

/ +0.002 Q7+0.002 | £ 29+0.05 |- +0.04 f +0.1 5+0.06 ~+0.02 | g 4+0.4 +0.4 +0.1 5 +0.01 +0.03
16 0‘47]—[].0{)2 I0'8)}'—{).[]0[ 6'22—0.05 2'04—0.06 20 ]'6—0.[ ?'33—{).{)3 0']_—0_{)3 )'4—0.3 ]'S—f].i 0'S—l’].l 1.00 3'39—[].[11 0‘30—[].03

* edge is used for NICER-NuSTAR pairs whereas gauss component is used only for Epoch 3 & 6 of AstroSat data.
f Frozen parameters

4U 1543-47




Table 4.3: Reflection modelling of NICER-NuSTAR simultaneous pairs and AstroSat observations (highlighted with grey colour)
using the model tbabs(diskbb+relxilllp)gabs. The error values represent 90% confidence interval. The NuSTAR data on
Epoch 8, 11 & 12 are not included here as no simultaneous N/CER observations are available.

diskbb relxilllp gabs

Epoch ny X E(--d

(x10%2 Tin norm h 7} r log & Ap, Ry norm line E o strength

cm™?) (keV) x10*) [(GM/c?)| (deg) (erg ems™ )| (Ape.s) (x107%) | (keV) (keV) | (keV)
L] 0497000 11.276*0000 16.31*00% | 25,504 |32.7+5%| 2.81%0,03 | 3.58*00% | 85412 | 1.4%00 282,748 9.9%00 1205701 1 1.1%0:] 10.80
2 0707000 (1151009 | 63702 | 9.4¢  |36.371%| 2.94700% | 3.65*00% | 77702 | 3.5%00 200.4%8 ] 9.8*0 ) [1.9470001 13402 10.91
3| 046700 | 1.01#0006 111 74078 1 307 40/ 3.0/ 4.7%  19.37% ,015-5911 5% 0.325008 | 937575 [0.75407 1048103 | 1.37
4 10.6830:0041]1 081+0.001 16 14+0.008| 30, 5+24.3 135 74221 323+0.01 | 423+0.05 | 58408 | 10,09 | 4114203 110.04+0.04 11 92+0.04 11 99+0-2 10 83
5 | 0.67*0.0L 11.044+0.001 | 5 83+0.01 |84 (+36:6 139 6+2:613.385+0.006| 4 7P 7.140:6 | 10,09 | 33.6*37 [10.33+00312.06*0:93 12 76+0.02 10,83
6 | 0.49*0.01 1 0.99+0.07 19 23+L46 1 100/ | 40/ 3/ 4304920 1 10b | 7.184 | 7.11*195 | 10.0*0:13 11.30%0:1311.39+0.28 1 30
7 | 0.53%003 10.9940008 16.04*0:16 | 8264 | 40/ 2.46*03% | 3701075 | 10P | 9.99¢ |5.75%0% | 10.5*0:16 11.45*0-3011.65%0-3% 1 1.44
9 0.496000,10.958* 000 15.85*00% | 40.29 | 407 | 31701, 4.7 10 107 | 4.023 |10.117998 11.86*99% | 3.1702 | 1.10
10 | 044709 | 0987000 14,9510 | 70/ 407 287700 4.7 107 | 8.10¢ | 1.33*935 | 10.2°013 11.78*0:1012.76*0.35 | 1.19
13 | 0.47000 1 0.94+0002 | 5.00*008 | 4434 | 40/ 225/ | 3.64°00% |3.56:0.3¢| 8.104 | 1.11*007 | 9.22+02L 10 84*+0:2010.74*0:10 | 1.11
14 | 0.48*001 | 0.91+0.002 17 954021 | 6694 | 40/  2.61*008 | 3.96*007 | 10> | 10.6¢ |0.14*001 | 10.1#0:13 11.03+0:1211 2540141124
15 |0.475*0:00410.906+0.001 | 5.91+004 | 33,744 138.0*85 | 2.07+906 | 2.7+0L | 10.0° | 0902 | 4.9*15 | 9.1#01 | 15401 | 1000 1112
16 [0.482*000410.904*0.000 1 5.63*00% | 50.01¢ |36.7*%%] 2.05*00% | 3.7*%L | 10.07 | 09702 | 42*08 1 g 7400 114940081 1.240-2 10.87

¢ Parameter uncertainty can’t be estimated.

b Parameter hits the boundary.
f Frozen parameters.




Table 5.1: Parameters of phenomenological spectral modelling of NuSTAR using the model tbabs (thcompxdiskbb)edgexgabs
(M1). Errors are in 90% confidence intervals.

diskbb thcomp edge gabs

Epoch X ea

Tin norm r kgT, cov_frac line E D line E o strength

(keV) | (x10%) (keV) | (x1072) | (keV) | (keV) | (keV) | (keV) | (keV)
1 [1.238+0:000 13.81+0:06 12.73+0.06 1150.007 | 0.088*0:907 | 7.2*%1 10.04*001 | 10.0%02 | 1.3*92 10.48*0-10 11.17
2| 112975001 |3-58%0 05 | 2370 | 24.53¢ 0.0265,% | 72075 | 0.0, | 9825, | 1,271 | 068751 | 1.14
4 | 10555500 |3-58% 00 | 24553 | 24.75¢ 0.008*30% 7.2375 0% 0.08+5%; | 10.065G | 1.327G55 | 1.0%4 | 1.09
5 [1.024*000 (3274000 12,0709 | 9.98% |0.002100% 17.28"09¢ 10.09*007 | 10.3*05 | 1.5 | 15705 | 1.07
8 [0.9521G00 3315500 | 21153 | 7.53¢ |0.002850, | 7.274G % | 0-1045%5 | 10.15G7 | 153G | 1855 | 1.13
9 [0.940*%0M 13.29*0:08 | 2.7+04 1150.007 |0.004*9%993 | 7.36*007 10.10*002 1 10.2*94 | 1.6*01 | 2.0*03 | 1.04
11092170002 13.27+0-08 12,0070 19 | 21.04¢ |0.016*999 17.20*0:0¢ 1 0.117992 1 9.4*0-4 | 1.1701 1 0.7*%-1 1 1.03
12 0.920*0:004 12.94*0.08 12.20*0-9% 1 19.90¢ |0.087*%:020 |7.27+0.09 10.107092 | 9.5*04 | 1.0*%3 10.17*%9% | 1.06
15 |0.901 G | 311750 | 198G | 19.76% 10.02675 50 | 7.075 T |0.07 55 | 9215 | LI, 0.545 01 113
16 |0.897+0,00% 13.050.00 11.92°0% 1 15.01¢ |0.026* 0008 | 7.3*01 10.09*0%% | 9.070% | 1.0793 10.3370(5 [ 1.05

“ Parameter uncertainty can’t be estimated.




Table 5.2: Parameters of the reflection modelling of NuSTAR using the model tbabs (diskbb+relxilllp)gabs (M2). Errors are
in 90% confidence intervals.

diskbb relxilllp gabs
Epoch Eed
Tin norm h o r log & AFe Ry noOrm line E o strength
(keV) (x10%) |(GM/c?)| (deg) (erg cm/s)|(Ape.o) (x1073) (keV) (keV) | (keV)

1| 1247000 1 72403 140.03737 | 25.8%%

ool i 2_?2+0,{}9 4_0+0,5 1 O.Ub 0_4+0_4 0_2'%+(].08 9_?+0,2 1 _6+U_?s 0.6+0‘2 1.16

3
4 =0.09 =0.5 =-0.1 = =0.07 =0.2 -0.2 =0.1

2 1 . l l ~)+{}.002 ? .44+U.(]_"! 9 .4+4.ﬁ 289t"36 2.60+U, 1 4 1+0,2 1 0.’) l .2+U.:’s 8 16+(].03 9.4+U, 1 l .4+U. 1 0.59+{}.08 l 02

=-0.002 -0.05 =3.7 3.7 -0.05 =0.2 =0.2 =0.02 =0.1 -0.1 -0.09
+0.003 +0.089 +13.8 +2.3 a a b +2.3 +0.1 +0.1 +0.2 +0.3
4 |1.058°0.903 |6.84+0.089 116,62+ 138| 33,623 | 3214 | 4.52¢ | 10.0° [4.823] 0.1*01 | 98401 | 1802 | 15903 110

0.001 0.2 8.7 2.8 0.01 b 0.8 a 0.0007 0.04 0.03 0.04
5 [1.035°900016.09702 32,4287 134.49+28 |3.37+001 | 475 19.13+08 134.06% |0.0127+%,907 110.03*0,%4 |1.95*0.03 12.29+0.041 1 03

0.002 0.08 32.3 3.1 0.02 b b a 0.006 0.14 0.03 0.06
8 10.962+0002 16201008 | 41,9423 | 37.3+31 13.3740.02 | 470 | 10.0° |11.867| 0.013*0:06¢ | 9.95+0.14 |1 76+0.03 |2 53+0.00 | | 17

9 [0.949*0%00 16.15*001 | 81.35¢ | 43.5%C

R o0 31 6+0,{}3 4_7.‘7 ]0_0.‘7 14.584 0.003 l+(].(]()()f’s 9_94+{}.03 1 _?2+(].02 2_54+{}.04

”
3 =0.07 —=0.0003 -0.09 -0.03 -0.08 L.12

0.002 0.1 a 6.1 0.1 0.2 b 0.4 0.006 0.1 0.1 0.2
11 ]0.923*00021 6401 | 22459 | 39,541 1239*0:L | 2,602 | 10.0° [2.6*04| 0.007*%9 | 9.22*0:1 '11.48*0:1 | 1202 11,04

12 | 0.9070:01 | 6305 | 9,04 |30.1%!

iy iy 2_24+0,{}6 3.6+0‘4 8.90¢ 0_5+0_2 0_0'%+(].03 8_6+0,3 1 _3+U_?s 0_4+0,3 1.01

4.4 =0.04 -0.3 =0.2 = =0.01 -0.3 -0.3 =0.2

0.005 0.2 a a 0.06 0.3 b 0.3 0.002 0.09 0.1 0.2
15 ]0.903*0%%| 6.0%02 | 32.3¢ | 21.05¢ |1.96*096 | 3.3*03 | 10.0° 0.4*03| 0.004*%0% | 9.06*0% | 1.3*0 | 0.9°02 |1.10

0.01 0.3 a 27 0.1 0.4 b 0.3 0.004 0.1 0.2 0.3
16 10898001 | 59403 | 26,04 |32.827 | 2.0*01 | 3304 | 10.0" 0.6'03| 0.005°0.004 | 8801 | 1.3t02 | 0.9*03 | 1.04

¢ Parameter uncertainty can’t be estimated.
b Parameter hits the boundary.
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