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Abstract We present here the results of broadband spectral anafyslsw-mass X-ray binary and a black
hole candidate 4U 1957+11. The source was observed nins tuitie theNuclear Spectroscopic Telescope
Array (NUSTAR) between September 2018 and November 2019. During thesevalisns, the spectral state
of 4U 1957+11 evolved marginally. The disc dominant spemtesdescribed well with a hot, multicolor disc
blackbody with disc temperature varying in the raigé, ~ 1.35-1.86 keV and a non-thermal component
having a steep slopé&'(= 2—3). A broad Fe emission line feature (5-8 keV) was obseirvédte spectra of

all the observations. The relativistic disc model was usestudy the effect of distance, inclination and the
black hole mass on its spin. Simulations indicate a highier fgp smaller distances and lower black hole
masses. At smaller distances and higher masses, spin isnmadnd almost independent of the distance.
An inverse correlation exists between the spin and the sgid@trdening factor for all the cases. The system
prefers a moderate spin of about 0.85 for black hole massabe 4-6\/;, for a 7 kpc distance.

Key words. accretion, accretion discs — black hole physics — X-raysabes — X-rays: individual: 4U
1957+11

1 INTRODUCTION with various model componentdlowak & Wilms 1999.

The interpretations from the different models, however,
4U 1957+11 is one of the few known persistent X-rayhaye led to different opinions on the nature of the compact
binary sources with a soft emission©f20-70 mCrab (2—  gpject. Based on the Comptonization modgipgh et al.

12 keV). It was discovered witshuru in 1973, during (1994 inferred the presence of a black hole (BH).
scans of the Aquila regionGacconietal. 1974 It is  However, the authors did not rule out the possibility of it
known to have existed in the soft, disc-dominated spectrgdeing a weakly magnetized accreting neutron star (NS)
state for the past 45 ywijnands et al.(2003 reported  and estimated a surface magnetic field strengtk aifo®
a very weak X-ray variability (1-2 per cent root-meang, From the same dat®icci et al. (1999 suggested the
square amplitude) and variation in the luminosity by apossibility of a BH as the primary.
factor of about 4 on a time scale of months to years.
Its optical counterpart, V1408 Agl, was identified by Ginga observed 4U 1957+11 in an unusually soft state
Margon et al.(1978 with an orbital period 0f9.329 £  and a two-component model comprising a disc blackbody
0.011 hr (Thorstensen 198 Bayless et al. 2001 component and a non-thermal power law component
Independent  studies of the source bydescribedthe spectrum very wellggoob et al. 1998 The
White & Marshall(1984 andSchulz et al(1989 have put  authors used the derived values of the disc temperature
the source close to several black hole candidates (BHCs) i#7in) ~ 1.5 keV and inner disc radius;, vcost ~ 2
their high spectral states in the X-ray color-color diagramkm (for d = 7 kpc ) to establish its similarity with neutron
The X-ray continuum of 4U 1957+11 has been describedtar low-mass X-ray binaries (NS-LMXBs). These results,
however, depended strictly on the assumed distance and
* Corresponding authors disc inclination. A detailed study of 4U 1957+11 with the
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ASCA, RXTE andROSAT has given results biased towards 2008. From theSuzaku observationsNowak et al.(2012
a BH primary (Nowak & Wilms 1999. 4U 1957+11 is estimated the spin parameterof 0.9, for a 3/, BH at
also known to show the presence of a hard-tail and distance of 10 kpd fixed to75°) with the Comptonized
mild X-ray variability during the high flux states with disc as well as a relativistic disc model.

increasing intensity Yagoob et al. 1993Wijnands et al. Generally, NSs exhibiting soft spectra and a low root-
2002 Bayless et al. 201 mean square amplitude of variability manifest relatively
Observations of 4U 1957+11 witRXTE/ASM have high rates of Type | bursting activity. Therefore, the
indicated long term periodicities of 117, 235 and 352 d.absence of Type | X-ray bursts in 4U 1957+11 represents
These have been attributed to be due to the precessiisgiggestive evidence for the presence of a BH primary
warped accretion disc Nowak & Wilms 1999. The in this system \Vijnands et al. 2002 Maccarone et al.
radiation-driven warping of the disc demonstrates that th2020. Although there have been several detailed studies
system does not possess a critical binary radius to susta@xploring the nature of the compact objectin 4U 1957+11,
a precessing dis@gilvie & Dubus 200). However, itis no study has been compelling and conclusive. The
proposed that the long-term X-ray variability can ariseuncertain physical parameters and poor description of the
from changes in the mass accretion rate through the dissystem attributes make it difficult to classify the compact
with viscosity driven instability, as X-ray radiation from object in the system. We have performed a conservative
the inner region irradiates the dif@dilvie & Dubus 2001  analysis for the case of a BH primary and have discussed
Wijnands et al. 2002and references therein). broad-band spectral characteristics for the system.

The spectrum of the source has often been described
with a multi-temperature blackbody(;,= 1.2—1.8 keV)
along with a significant contribution from a power law 2 OBSERVATIONS AND DATA ANALYSIS

componentand, rarely, with an emission feature around 6.5 i _
keV (Yaqoob et al. 199Ricci et al. 1995Wijnands et al. Nuclez?r _Soectr(_)scoplc Telescope Arr_ay_ (NUSI-AR) ) IS
2002 Nowak et al. 2008 The high resolution studies of NASAs first high-energy space mission consisting of

4U 1957+11 withChandra, RXTE and XMM-Newton are adva_n_c_ed X-ray focusing telescopes that provide good
consistent with a low column densifyy; ~ (1-2) x 102! sensitivity above 10 keV for the purposes of imaging

cm~2 and a clean spectrum, free from any features. ThéHarnson et al. 2013 Its payload comprises two identical

Fe emission/absorption lines or/and Fe edge do not appeg?teCtorS’ known ag focal plane modules A and B (FPMA
strongly or are absentin the disk spectra, making it an ideé"}nd FPMB respectively) fixed at the focus of each of

system for probing the disc atmosphere and geometry Of e two cp-aligned, grazir_1ﬁg incidence telescopes V\_’ith a
the systemNowak et al. 20082012, field of view of 10 arcmifh and an energy resolution

(full-width at half-maximum) of 400 eV at 10 keV. It

Since its discovery, 4U 1957+11 has never gone int%bserved 4U 1957+11 nine times between September
quiescence, therefore an estimate of the mass function %TOlS and November 2019, for a total exposure~of
the system is uncertain to dat€gsares 2097 The lack '

of eclipses and any modulations in the X-ray light curve
rules out the possibility of inclination greater th&i°
(Gomez et al. 2015 Maitra et al.(2014) reported a high-

inclination angle of- 78° and a distance of 5-10 kpc for a the observations are listed in Tahle Figure 1 displays

) . the daily-average®wi — e rimm et al.
BH primary with mass< 10 My, from their Swift/XRT he daily ge®Wift/BAT (15-50 keV} (K |
a”a'yS'S-GO_T]eZ et al(2013 proposed ‘3 IMe BH (< 5013 andMAXI/GSC (2-4 keVB (Matsuoka et al. 2009
6.2 M) with a 1 M, companion and an inclination, long-term light curves starting from September 2018.

o o .
! t: I12'7; IbY rellymg ondab m(:]dell thdgt azsfumes fthr?The dotted vertical lines mark the epochs of the nine
orbital modulation Is caused by the iIrradiated face of the,,cerations considered in this work. The X-ray emission

secondary star with its evolving orbital pha3éérstensen varied during the observations. The X-ray flux during

1987 Bayless et al. 20]).1Tr.1e Jothha.mdra, RXTE gn.d . epochs 6 and 7 was relatively higher as compared to the
XMM-I_\Iewto_n spectral fits implementing the relativistic flux during other epochs.

accretion disc model suggest that 4U 1957+11 harbors

either a 3M, primary at a distance of 10 kpc with a - T f / e
moderate sping ~ 0.83 or a rapidly splnnlngg( ~ transtitepni.s/m?ev;k/ttiL?lsQS(:?.pnlalsSa;. gov/results

1), 16 M BH at 22 kpc. However, degeneracies exist http://maxi.riken.jp/pubdata/v7l/J1959+117/

for the distance, mass and accretion rdiewak etal. index. htm

217 ks per module. We have analysed all tNeSTAR
observations for our broad-band spectral study of the
source that compris@duSTAR Guest Observer (GO) cycle

1 and joint NuSTAR/NICER GO cycle 1. The details of
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Table 1 Log of theNuSTAR Observations Used in This Work

Observation  Observation ID

Observation Date

MJD Expdsure Energy Count Rafe

Epoch dd-mm-yyyy hh:mm:ss (d) (ks) (keV) (count'y
1 30402011002 16-09-2018 07:16:09 58377.31 74.39 3.0-207056 4+ 0.01
2 30402011004 13-03-2019 10:01:09 58555.41 67.01 3.0-45.0.24 4+ 0.02
3 30502007002 29-04-2019 20:41:09 58602.86 41.43 3.0-40.0.41 + 0.02
4 30402011006 15-05-2019 12:01:09 58618.50 74.04 3.0-5@8.00 £ 0.02
5 30502007004 04-06-2019 19:56:09 58638.83 40.11 3.0-5@0.23 + 0.02
6 30502007006 19-07-2019 06:11:09 58683.26 36.76 3.0-5@0.55 £ 0.03
7 30502007008 10-09-2019 01:36:09 58736.07 20.25 3.0-5®0.37 £ 0.04
8 30502007010 20-10-2019 12:51:09 58776.54 39.23 3.0-25.9.43 &+ 0.02
9 30502007012 30-11-2019 20:56:09 58817.87 40.96 3.0-20.0.20 £ 0.02

aExposure for the combined and clelnSTAR FPMA and FPMB spectra after good time filterifgiverage count rate
for the corresponding energy range.
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Fig.1 The long termMAXI/GSC (2—-4 keVtop panel) and

task NUPIPELINE that applies the standard screening and
calibration to the raw event files and produces level 2 files.
The spectra, light curves and response files were generated
by processing the level 2 files witkuPrRODUCTS The
source spectra and light curves were extracted from a
circular region of radius 100 arcsec centered on the source
for both FPMA and FPMB. We utilized a circular region

of the same size, away from the source, to extract the
background spectra and light curves. We co-added the two
source spectra, background spectra and response files from
FPMA and FPMB for each observation by employing the
ADDSPEC tool, to improve the efficiency and statistics.
Table 1 reports the final exposure of spectra. Finally, all
the nine spectra were re-binned to contain a minimum of
20 counts in each energy bin.

of nine NUSTAR observations that have been used in this  The emission spectrum of the source evolved through

work.
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the nine observation epochs and source was detected above
the background differently for different epochs. The upper
energy bounds were decided based on the detection of
source emission above background, while the lower bound
of 3 keV was ascribed to the calibration uncertainties in
the responses near the lower instrumental band-pass. All
the NUSTAR spectra for 4U 1957+11 were modeled in the
energy bands as mentioned in Talble

3 LIGHT CURVESAND VARIABILITY

We generated the background subtracted light curves of
4U 1957+11 from all the nine observations. We did not
find any Type | X-ray burst in the entire data. This
provides support against the case for an NS primary
(Maccarone et al. 2020As seen in Figurd, X-ray flux

1957+11. The soft X-ray band is taken as 3—7 keV and har@hanged during the observing span. In the soft X-ray band
X-ray band is in the range 7—-20 keV.

2.1 NuSTAR Spectra

We have reduced th8lUSTAR data with theNUSTAR-
DAS_01Apr2Qv1.9.2 andcALDB v20200912. We used the The hardness varied from 0.17 during the first epoch

(< 7 keV), the average count rate varied by a factorof
3.5. It varied by a factor of- 11 in the hard X-ray band
(> 7keV).

Figure?2 depicts the hardness intensity diagram (HID)
generated from the background subtracted light curves.
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Epoch 1 We also generated power density spectra (PDS) by
2L | employing the HENDRICS 5.0 package Rachetti et al.
4 ‘ 2015. We used the barycenter corrected light curves in
= gl the energy range of 3-20 keV to generate the PDS. We
§ °F “H ‘ ‘ utilized the root-mean-square normalization and rebinned
% 2L }L the PDS geometrically by a factor of 0.01. The PDS from
< 7 all the observations showed insignificant variability for
g L _ frequencies up to 512 Hz. FiguBdisplays the PDS for
g the first and sixth epochs.
T f As a cross-check for changes in the spectral states (if
SE L LU TN any), we created the HID by using the average spectral
10° 0.01 O'Flrequencyl(HZ) 10 100 counts (Fig4). We took 3-7 keV as the soft energy range
L T T Epoch 6 o and 7-20 keV as the hard energy range. It is clear that
SE during theNuSTAR observations, 4U 1957+11 started from
< LF | ‘ ] a low hardness during the first observation. It became
% =34 ‘ k‘u ‘ ‘ ‘ E significantly harder and brighter and occupied the top-
§ . right corner of the HID during the sixth and seventh
29 3 f ‘ ‘ ‘ observations. Its brightness decreased thereafter.
% . F The evolution of the source emission is not very sig-
g 3 nificant, however, for our analysis, we have categorized the
% 2 observations in groups based on the spectral components
L < required to model the spectra.
1 1 10 10 4 SPECTRAL ANALYSISAND RESULTS
Frequency (Hz)

Fig.3 The 3-20 keV PDS of 4U 1957+11 for the firgtf) ~ We utilized the spectral analysis packageECcv12.11.0k
and sixth bottom) observations. The PDS are plotted in the (Arnaud 1998, distributed withHEASOFTV6.27, to model
vP({) representation. the NUSTAR spectra of 4U 1957+11 and calculated
the y? values as the test statistics. We adopted the
"HID using spectral counts | photoelectric cross-sections frorierner et al. (1996
4 and solar abundances froWvilms et al. (2000. All the
uncertainties, lower limits and upper limits are reported a
the 90 per cent confidence level.

30

Q
;‘f . % EEE’EL‘% : We started with the two-component model: a multi-
§ 20 i o Epoch4 | temperature disc bIackpoqu;Ji skbb (Mitsudq et al:
o Epoch® - 1984, to account for emission from the accretion disc,
% Epoch 7 ] and the thermal Comptonization componenthconp,
10 i - Epoch9 | (Zdziarski et al. 199ﬁiycki et al. 1999 with low-energy

] and high-energy rollovers to model the hard emission. We
A set the seed photon source to the accretion disc. We also
0.2 Har(?r-zss 0.4 included thet babs to account for absorption due to the

interstellar medium and tied it across all the spectra. The

Fig.4 The HID for 4U 1957+11 generated from the 5,6 of the column density was not constrained, when
NuSTAR observations by using the average spectral count

The soft X-ray band is taken as 3-7 keV and hard X_rajéft free, due to the low column density in the direction
bandis in the range 7-20 keV. of 4U 1957+11. Therefore, we fixed tlfl‘&{ to 1.22x 1021

cm~2 (Maitra et al. 2013t This is consistent with a value
of 1.17x10%' cm~2 calculated from the HI 4-Pi survey
to about~ 0.43 during the sixth and seventh epochs andH!4PI Collaboration et al. 2038
back to~ 0.20 during the last observation. Combined with ~ The model t babs* (di skbb+nt hconp) (M1,
Figurel, it appears that among all the observations, epochiereafter) provided a statistically poor fit with & of
six and seven correspond to a marginally hard spectral states |, ps: // heasar ¢. gsf c. nasa. gov/ cgi - bi n/ Tool s/
along with a comparatively higher count rate. w3nh/ wanh. pl
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Table 2 Best fit spectral parameters for tNeISTAR spectra from the nine epochs.

given at 90 per cent confidence level.

10

Energy (keV)

Fig.5 The unfoldedNUSTAR spectra and model components for the epochs 1, 3, 8 and 9e&)YiBspectra with the
model comprisingli skbb andpower | aw. (b) Residuals for the model without a Gaussian componerffer adding
the Gaussian component. Color scheme is the same & Figedashed, dash-dotted anddotted linesrepresentli skbb,
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All the parameter unceréairtie

Component Parameters Epoch 1 Epoch 2 Epoch 3 Epoch 4 Epoch 5 och Bp Epoch 7 Epoch 8 Epoch 9
DISKBB kT (keV)  136+0.01 156700} 1424001  1.65+0.01  1.65+0.01  163+0.07 1797097 1.63+£0.01  1.47+0.01
o=+0.26 +0.38 .+0.30 040.22 +0.29 . +0.85 +0.83 +0.19 an+0.14
Naise 10.3570 35 7.52+0:38 10467930 8.937032 9.72+5:2 3.8510:80 2.8510:53 9.9510:37 10307917
favb 7.50£0.03  9.57£0.03  9.23£0.04 14.16£0.03 1562£0.04 580£0.05 6.24£0.06 1510£0.04 10.34 £ 0.04
POWERLAW r 3.0479% 2.31 4+ 0.08 2.677013 1681152
Norm (10~2) Q.sztg;gg 5.047158 7.2313;3} 0.061 522
S 4807508 4T 047l onth
+0.21 +0.05 +0.09 +0.02 +0.07
NTHCOMP r 2.41+5:21 2.6019:05 2.43+5:09 2.80+6:92 2.81+5:97
kTe (keV) - > 6.49 > 1.01 > 1.01 > 1.01 > 1.01
kT yeed (keV) - < 0.55 0.6340.04 < 0.63 1157059 1121599
Norm (10~2) 6.2371037 3.001033 24810228 17.13T188 20487052
fatn 5.98 +0.13 511+0.11  3.48+0.14 18.65+0.29 21.56+0.34
GAUS Ejine (keV) <6.64 < 6.49 < 6.56 < 6.52 < 6.49 < 6.56 < 6.60 < 6.56 < 6.52
o (keV) L267030  no2+022 130%9R 18T 046T0% 110703 138733 090f03 02510
Norm (10—4)  4.29%11] 5.4313:09 5525550 9.0872:5% 2.69F379 11457530 18327780 5501555 1426;3;3;
EW (eV) 1347350 72181 1257193 64758 27+18 931150 < 436 61755 3673,
feau 0.44+0.06  0.56+0.09 057011  093+0.12 0.28+0.08 1.17+0.17 1.88+031 056+0.12  0.13£0.04
ot 12.35£0.03  15.61£0.04 13.98+0.03 10.36+0.04 10.13+0.05 24.57+0.04 27.98+0.06 23.20+0.04 10.47 £0.02
x3ld.of 294.4/306 774/692 528.2/486 852.4/717  569.3/567  734.1/740  650.1/658 408.2/400 315/308

fabb, fp1 and froy give the unabsorbed flux in the energy band 0.1-100 keV is 0fit0 1 erg cn 2 s, fg., is the unabsorbed flux in the energy
band 0.1-100.0 keV in units dD~1! erg cnT 2 s~1. Normalization for thedi skbb component is defined &%, (km))2/(D/10 kpc)2cosé.

5475.2 for 4895 degrees of freedom (d.o.f). Due to thespectral behavior (Figd), its spectrum was also fit with
weak emission during the first, eighth and ninth epochsthe spectra from these three epochs. Initially, the model
the nt hconp parameters could not be constrained foryielded a poor fit with ax? of 1746.4 for 1512 d.o.f
these epochs. We used the simptener | awcomponent and a broad feature between 5 and 8 keV, possibly due
along with thedi skbb to model the spectra from these to the Fe K-line emission. We relied on the Gaussian
three epochs. Since the third epoch shows a similacomponent to model the excess around 6.5 keV in the
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Fig.6 (a) The unfoldedNuSTAR spectra and model components for the epochs 6 and 7 modelgd wi
t babs=* (di skbb+nt hconp+gaus). (b) Residuals for the model without a Gaussian compoifenifter adding the
Gaussian component. Color scheme is the same a2.Fithe dashed, dash-dotted anddotted lines representdi skbb,

nt hconp andgaus components, respectively. The spectra have been rebinnetéarer representation.

four spectra and constrained its energy between 6.4 anddisc temperature&T;, of 1.567003, 1.65 + 0.01 and
keV, leaving the other parameters free. The resulting modt.65 + 0.01 keV, with disc normalization off.5375-23,
el, t babs+ (di skbb+power | awrgaus) provided an  8.937022 and9.7279 %3 for epochs 2, 4 and 5, respectively.
acceptable fit with a?/d.o.f = 1595.8/1500. The best fit We obtain the upper limits of 6.49, 6.52 and 6.49 keV for

spectra and model components are featured in Fi§ure the emission line energy for epochs 2, 4 and 5, respectively.

The best fit spectral parameters for this model and the \We used the convolution modef | ux and calculated
subsequent analysis are reported in Table unabsorbed flux in the 0.1-100 keV band for the full
The model M1 provided a statistically acceptablemodel as well as the individual components. The net
fit with a y2/d.o.f = 1464.4/1404 to the spectra from flux increased by a factor of 1.3 from epoch 1 to
epochs 6 and 7. However, the broad emission featurg before declining marginally during epoch 3. It then
was present in the residuals (Fi§). The addition of a increased gradually and reached a maximum during epoch
Gaussian component to model the excess improved the fit, becoming 2.3 times the initial value before decreasing
by reducingy? by 80 for six additional parameters. The during the last two epochs. The fractional contribution of
best fit returned the disc temperaturelo$3 + 0.07 and  the thermal component to the net flux increased gradually
1797097 keV along with very low normalizationXais.) ~ from 0.61 to 0.82 between epochs 1 and 5. It then
3.8570 5 and2.8570 % for epochs 6 and 7, respectively. decreased to 0.23 during epochs 6 and 7 before increasing
However, the electron corona temperature could not bgack to~ 1 during the last epoch. The relatively high
constrained and we obtained the lower limits of 1.01 keV. flux states exhibited a significant contribution from the
When employed for the epochs 2, 4 and 5, thehard emission componemtt(hconp)accompanied by the
model M1 provided a statistically poor fity¢/d.o.f  reduced thermal contribution, compared to the low flux
2328.5/1985) to the spectra due to the presencstates.
of a broad Fe emission feature between 5 and 8
keV. We added a Gaussian component to model thig 1 Relativistic Disc M odéel
excess as before. The addition of a Gaussian component
improved the fit by reducing they? by 132.8 for The previous studies of the source have relied on the
nine additional parameters (Fig). The final model, relativistic, thin accretion disc model around a rotating
t babs* (di skbb+nt hconp+gaus) resulted in high BH, ker r bb (Li et al. 2005, that incorporates the multi-
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Fig. 7 The unfoldedNuSTAR spectra and model components for the epochs 2, 4 and 5. (&fitBgectra with the model
comprisingdi skbb andnt hconp. (b) Residuals for the model without a Gaussian componepifter adding the
Gaussian component. Color scheme is the same a2.Fide dashed, dash-dotted, anddotted lines represerdi skbb,
nt hconp andgaus components, respectively. The spectra have been rebinnetk&rer representation.

temperature blackbody and considers the self-irradiation Comptonization Zdziarski et al. 2020 We also added
the disc Nowak et al. 20082012 Itis a substitute forthe a Gaussian component to model the emission feature.
di skbb model with a total of eight parameters including The modek babs* ThConp* ( ker r bb+gaus) provid-
mass of the BH {/), disc inclination {), distance {), ed the best fit and yielded physically acceptable spectral
ratio of the disc power produced by a torque at the inneparameters for the spectra from epochs 6 and 7, only.
edge to the power arising from accretion),(spectral We tied the spin, inclination, distance, spectral hardgnin
hardening factor {.) and accretion rateM{). Generally, factor, and mass across the two spectra and left the
the physical parameters such &6, d andi are known remaining parameters free to vary across the two spectra.
and are fixed during the spectral fitting. But in the casélMe also set) = 0 as its value was consistent with zero
of 4U 1957+11, the constraint on mass and inclinatiorwhen left free. As discussed in the next section, there are
is not well known. The earlier studies have provided theseveral caveats in putting a constraint on the BH spin,
bounds on the distance of the binary system as the closestimarily because of the absence of firm estimates of BH
possible distance greater than 10 kplowak et al. 2008  mass, disc inclination and distance.
Maitra et al. 201% and a maximum limit of 50 kpc, for In order to estimate the spin of the BH, we performed
the system to reside in the GalaxiRussell etal. 2010 spectral fitting by varying the mass, distance, inclination
Gomez etal. 2015 In a recent studyMaccarone etal. and spectral hardening factor. The results are depicted in
(2020 reported the most probable source distance of Figure8. For these spectral fits, the BH mass was taken
kpc based on the posterior probability with 3 kpc and 15n the range 2.5-10/, and the spectral hardening factor
kpc as the5'™ and 95" percentile of the distribution by was varied in the range 1.5-1.9. This choice of mass range
considering th&aia parallax measurement. is based on the mass and distance limits proposed by
For completeness of this work, we have tried to fitNowak et al (2008 2012.
the spectra to estimate the spin and accretion rate of
the system. We modeled the spectra with K&y rbb 5 pjscussiON AND CONCLUSIONS
model and the convolved componeidhConp. The
ThConp is described by the photon inddX, electron We report the results from the broad-band spectral analysis
temperaturekT,, scattered fractionfs. and assumes a of persistent LMXB and BHC 4U 1957+11, by using the
spherical distribution of the thermal electrons for theNuSTARobservations. The source was observed nine times



214-8 P. Sharma et al.: Broad-band Spectral Study of 4U 1957+11

1.05 ‘ 1.9 ‘ 1.9
a b
1@ 4k 185 018 ®) kA 185 _
—_— ‘_0
095 - 1t 18 £ 3-0"6 B Tk 18 £
S To014 _ g
5 09 - - 1755 3 175 8
= £ 5012 B >
5085 B 17 2 ¢ 1.7 £
- c
@ H o 01 - — o
[ - E=4 'E
0.8 1.652 S008 |- | 1.65:‘:“
[ i = <
0.75 1.6 <006 I | 1.6
0.7 - — 1.55 0.04 |+ - 1.55
0.65 L L L L L L L L 1.5 0'02 L L L L L L L L L 1'5
2 3 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10
Mgy (Mgy,n) Mgy (Msyn)
T T 1.9 T T 1.9
1 - (c)M=25M,, . 1.85 (d) M=10 M,,,, 185
1+ A ~
0o 18 2 18
- [ N L - o
= 1758 0.995 1758
£ LG b=
208 - - 17 2 £099 - - 17 2
s B 5
1.653 1655
07 L | = 0.985 |- B &
16 T 16 T
0.98 _
06 L | 1.55 1.55
L L L L L L 1.5 L L L L L L 1_5
5 6 7 8 9 10 5 6 7 8 9 10
distance (kpc) distance (kpc)
‘ ‘ 1.9 ‘ ‘ 1.9
1 L (eM=25M,, i 185 (f) M=10 M, 1.85
. 1 - B —
1.8 £ 1.8
0.9 - N S 2
- 1758 0995 - H0 1758
& 8 £
£08 - - 172 & 17 2
& - 5
1658 9099 - b 1.65T
0.7 -~ - 0} @
16 * 16~
0.985 |- B
06 - | 1.55 1.55
L L L L I L 1.5 L L I L I I 15
70 72 74 76 78 80 70 72 74 76 78 80
inclination (°) inclination (°)

Fig.8 Heat maps from the best fit spectra from the sixth and sevengochs. A model

t babs* ThConp= ( ker r bb+gaus) was used to generate these maps. The doublets of massgcdistaghinclination
with spectral hardening factor are represented by coldi@kb. The ‘+' symbols correspond to the best fit spin value fo
(a), (c), (d), (e) and (). In (b), the ‘+’ symbols indicateethest fit value for the accretion rate.

between September 2018 and November 2019. The X-ragmission along with a Gaussian component to model the
emission evolved during the observations (Flg. The spectra. The spectra from epochs 1, 3, 8 and 9 have been
average emission flux was relatively less during the firsmodeled by considering a power law for the hard emission,
three epochs, as compared to the subsequent epochs. Maeile a thermal Comptonization component described the
emission flux decayed back to the initial level during thespectra well for epochs 2, 4,5, 6 and 7.

last epoch. The source was detected above 20 keV during

all the epochs except the first and last ones. The disc temperature gradually increased from the

first epoch to the seventh epoch (from about 1.36

We have used the simple models comprising a multikeV to about 1.79 keV), except for epoch 3 where
temperature disc blackbody for the soft emission, and & decreased marginally. During the last two epochs, it
power law or Comptonization component for the hardreduced and reached about 1.47 keV. Similar high disc
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temperatures have been reported for the BHCs XTHn the known mass gap of the BH and NS distribution
J1748-288Miller et al. 2003 and LMC X-3 Wilms etal.  (Farr et al. 2011Gomez et al. 2015 A moderate spin of
200]). The hard components, powerlaw/Comptonizationabout 0.85 is preferred for BH masses between 4 and
are consistent with steep photon indices between 2.22 ar@lM . An anti-correlation is observed between the spin
3.32, except for the last epoch where the hard componeiind spectral hardening factor. The value of spin decreases
is not statistically favored. The high value of the photonas spectral hardening factor increases for a given mass.
indices is indicative of the soft spectral state of the seurc For masses above 8/, the spin parameter becomes
LMC X-3 is also known to exhibit a similar simple independent of spectral hardening factor and approaches
spectrum during its soft spectral stakipota et al. 2010  the maximum value 1. The accretion rates follow opposite
The disc normalization for epochs 6 and 7 wastrend and decrease with increasing BH mass, showing an

observed to be much less-(3.35) as compared to the order of magnitude change across the entire mass range.
other relatively low-flux states~( 8.12). Wijnands etal. ~ The accretion rate and the spectral hardening factor are
(2002 also reported a decrease in the disc normalizatiogorrelated, implying a consistent relation with tBezaku

with increasing temperature during their two observation®bservationsNowak et al. 201 Since the distance and

for their spectral analysis witRXTE. Similar to the results BH mass are poorly known, at this point, it is difficult and

of Nowak et al (2008, these two observations also exhibit Peyond the scope of this work, to comment on the scaling
increased contribution from the non-thermal componentelation and the extent of fractional Eddington luminosity
(=~ 75 per cent) to the total flux and mimics similarity with radiated from the system. For tii@Conp parameters, the
their observations identified as the steep power law state best fit results are consistent with photon indices in the

We have also detected a broad Fe emission line featuré"9¢ 2.7-2.9 and scattering fraction between 0.7-1.0 for

in the spectra of the source from all the observationst.thWO spectra.

We have modeled the prominent broad emission feature As a function of distance, the spin and spectral

with a Gaussian component. The upper limits on the lingyardening factor are found to be anti-correlated for the
energy are fairly consistent across all the spectra. Thg,ass range of 2.5-1W, (Fig. 8(c), (d)). Our simulations
large value of the line width is also in agreement withjngjcate a higher spin for smaller distances. For high mass
the previous findings#/hite et al. 1986Singh et al. 1994 range ¢ 10 M) and at small distances<(7 kpc), the
and can be attributed to the relativistic broadening of th%pin is found to be maximum and almost independent of
line in the inner region of the disd=@bian etal. 1989  tne distance. As a function of inclination angle (Fage),
While this feature is present during all the observations(f)) the spectral fit was poor for higher mass range and at
the contribution of the emission feature remainsl per  |ower disc inclination £ 70°). An inverse correlation was
cent of the total flux. observed between the spin and spectral hardening factor
The spectral results presented here are consistent witor higher inclination anglesx 70°).
the previously reported results, especially the trend of
hardening of the spectra with increasing flia§oob et al. ) ) ) ]
1993 Wijnands et al. 2002Nowak et al. 200 A similar spin for low BH masses and high spin for higher masses.

hardening of the spectra with increasing flux has beef?im"ar high spin values have been found by the previous

observed for LMC X-3 Wilms etal. 2001 We also analysis with high inclinatio.n angles-( 75°) for low
confirm that the source shows no significant variability Onvalues of.the spectral hafde”'”_g factb_lx)(Jvak etal. 20_08
2012 Maitra et al. 2014 The high spin value combined

the scale oR~19-512 Hz in the 3-20 keV energy band < ) = _ -
(Fig. 3). with the low mass reconciles with the observed high disc

temperature (1.35-1.86 keV) and lower normalization for

We have used theerr bb compongnt to model the _the source, not usual for other BHO¥dwak et al. 2008
spectra from epochs 6 and 7 to estimate the BH spin

and to study its dependence on the mass of BH, its The spectral properties and X-ray variability of 4U
inclination, distance and the spectral hardening factorl954+11 manifest similarities with other BHCs in the
For the spectral fits of Figurg(a) and (b), we fixed the soft spectral state (Swift J1753.5-01Xbghikawa et al.
distance at 7 kpcMaccarone et al. 202@&nd inclination 2015, MAXI J1634-479 Kuetal. 2020 and MAXI

at 75° (Nowak et al. 2008 The model normalization was J1535-571CUneo et al. 2020). The evolution of the hard

set to unity. From Figur&(a) and (b), we infer that low componentto dominate the emission at relatively high-flux
spin values occur for a combination of very low massstates as observed during epochs 6 and 7 provides strong
and spectral hardening factor greater than the theorigticalevidence that it does not harbor an NBSi Salvo et al.
preferred value of 1.7. However, this mass range lie200Q Wijnands et al. 2002

The results fromker r bb are consistent with a low
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The results presented in this spectral analysis by using 770, 103
NuSTAR observations are consistent with the previousHI4PI Collaboration, Ben Bekhti, N., Floer, L., etal. 202&A,
results and provide an estimate for the spin of the 594, A116
BH and its possible variation with the primary mass, Krimm, H. A, Holland, S. T, Corbet, R. H. D., etal. 2013, ApJ
disc inclination, distance and spectral hardening factor. 209, 14
A strong and conclusive result will be possible if the Kubota, A., Done, C., Davis, S. W., et al. 2010, ApJ, 714, 860
uncertainties in distance, inclination and BH mass are-i L-X., Zimmerman, E. R., Narayan, R., & McClintock, J. E.
resolved. 2005, ApJS, 157, 335
Maccarone, T. J., Osler, A., Miller-Jones, J. C. A., et aR@0
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