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ABSTRACT

Context. The ultra-compact dipping source XB 1916-053 has an orpésgbd of close to 50 min and a companion star with a very
low mass (less than 0.1 ). The orbital period derivative of the source was estimaene 15(3) x 101! §/s through analysing the
delays associated with the dip arrival times obtained friaseovations spanning 25 years, from 1978 to 2002.

Aims. The known orbital period derivative is extremely large aad be explained by invoking an extreme, non-conservativesma
transfer rate that is not easily justifiable. We extendeditiadysed data from 1978 to 2014, by spanning 37 years, tfy vehiether a
larger sample of data can be fitted with a quadratic term offardint scenario has to be considered.

Methods. We obtained 27 delays associated with the dip arrival tim@s fdata covering 37 years and useffetient models to fit the
time delays with respect to a constant period model.

Results. We find that the quadratic form alone does not fit the data. Hte dre well fitted using a sinusoidal term plus a quadratic
function or, alternatively, with a series of sinusoidalnterthat can be associated with a modulation of the dip arivas due to
the presence of a third body that has an elliptical orbit. i¥erithat for a conservative mass transfer scenario the fatioiu of the
delays can be explained by invoking the presence of a thidy both mass between 0.10-0.14,Morbital period around the X-ray
binary system of close to 51 yr and an eccentricity @80 0.15. In a hon-conservative mass transfer scenario we estithat the
fraction of matter yielded by the degenerate companionastdraccreted onto the neutron stagis 0.08, the neutron star mass is
> 2.2 M, and the companion star mass is 0.028 M this case, we explain the sinusoidal modulation of tHaydeby invoking the
presence of a third body with orbital period of 26 yr and md<s @65 M..

Conclusions. From the analysis of the delays associated with the dipartisnes, we find that both in a conservative and non-
conservative mass transfer scenario we have to invoke #sepce of a third body to explain the observed sinusoidalifatidn. We
propose that XB 1916-053 forms a hierarchical triple system

Key words. stars: neutron — stars: individual (XB 1916-053) — X-raysidoies — X-rays: stars — Astrometry and celestial me-
chanics: ephemerides

7.08108v1 [astro-ph.HE] 29 Jul 2015

O 1. Introduction Accurate analysis of data sets from many X-ray satellites in
L0 the last 30 years have foundf@irent values for the X-ray pe-
«] The X-ray source XB 1916-053 is a low-mass X-ray binamjod: [Walter et al. [(1982) found a period close to 2985 s, us-
-~ (LMXB) showing dips and type-I X-ray bursts inits light c@s.  ing Einstein dataj White & Swarik (1982) estimated a period of
.— Using OSO 8 data, Becker et all (1977) observed type-I X-rag 0036 + 1.8 s for the strongest dips, whlle Smale €t al. (1989),
bursts, implying that the compact source in XB 1916-053 isghalysingGINGA data, derived a period of 305+ 6.6 s.
“— nheutron star. Assuming that the peak luminosity of the X-r@hurch et al.[(1997), analysing ASCA data, found an orbigal p
(O bursts in XB 1916-053 is at the Eddington limit, Smale et afiod of 3005+ 10 s. The X-ray light curve of XB 1916-053 also
(1988) derived a distance to the source of 8.4 kpc or 10.8 kggows secondary dips occurring approximately half a cyebeya
respectively, depending on whether the accreting mat®ecds: from the primary dips with a certain variability in phasedse
mic_abundances or is extremely hydrogen-deficient. Yoshidgindlay1989). No eclipses were found; this constrainsahe
(1993) inferred a distance to the source of 9.3 kpc studyibgal inclination of the system between®and 80.
the photospheric radius expansion of the X-ray bursts in XB
1916-053 (see also Barretetal. 1996). XB 1916-053 was the The optical counterpart of XB1916-053 was discovered by
first LMXB in which periodic absorption dips were detecterindlay et al. |((1987), a star with a V magnitude of 21 already
(Walter et al. 1982; White & Swahk 1982). These dips represeroted by Walter et all (1932). Using thermonuclear flash risode
a decrease in the count rate in the light curve caused bydieriocof X-ray bursts| Swank et al. (1984) argued that the companio
absorption of the X-ray emission produced in the inner negistar is not hydrogen exhausted and suggested a companion sta
of the system. The photoelectric absorption occurs in adatg mass of 0.1 M. Furthermore, Paczynski & Sienkiewicz (1981)
the outer radius of the accretion disc where the matterrsirep  showed that X-ray binary systems with orbital periods srort
from a companion star impacts. than 81 min cannot contain hydrogen-rich secondary stars.
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Fig. 1. Chandrd_EG light curves of XB 1916-053 during the two observatioesfprmed in 2013, i.e. obsid. 15271 (left) and 15657 (right)e
bin time is 64 s. A type-I X-ray burst that occurred during tsid. 15271.

L

A modulation in the optical light curve with a period ofbeen confirmed by further observations (see Retter et al)200
30274 + 0.4 s was discovered by Grindlay et &l. (1988). Th&o date the spin period of the neutron star in XB 1916-053 s no
1% discrepancy between the optical and X-ray period of XBiown. Galloway et al. (2001), analysing a Type-| X-ray Iburs
1916-053 was explained by Grindlay et al. (1988) invoking thdiscovered a highly coherent oscillation drifting from 26#$z
presence of a third body with a period of 2.5 d and a retrograde to 272 Hz. Interpreting the asymptotic frequency of theles
orbit that influences the matter streaming from the companitation in terms of a decoupled surface burning layer, thenoeu
star. The same authors also suggested the alternativerscersar could have a spin period around 3.7 ms.
in which the disc bulge precesses around the disc with a pro-[Hu et al. (2008) inferred thd@/Porp = (1.62+0.34)x 1077
grade period equivalent to the beat period between theaptigr—! by analysing archival X-ray data from 1978 to 2002 and
and X-ray period. Whitel (1989) suggested the possibilist thadopting a quadratic ephemeris to fit the dip arrival timeshis
a precessing elliptical disc exists in XB 1916-053, and that work, we update the previously determined ephemeris usitay d
variation in the projected area of this disc causes opticaluta- from 1978 to 2014. We show that the quadratic ephemeris does
tion.[Callanan et al. (1995) showed the stability of thecgitpe- not fit the dip arrival times and find that a sinusoidal compuine
riod over seven years. Chou et al. (2001), analy8logsi X-ray is necessary to fit the delays. We suggest the presence ofia thi
Timing Explorer (RXTE) data taken in 1996, found several peribody that influences the orbit of the X-ray binary system XB
odicities including one at 30283+ 3.23 s, which was similar to 1916-053.
the optical modulation at 3027 s. The centroid of these peaks
the periodogram associated with the 3000 s period impliass th
there is a modulation with a fundamental period close to 3.98 opservations and data reduction
as already noticed by Grindlay (1992) also in the opticaldban
The period of 3.9 d is interpreted as the beat period between YVe used all the available X-ray archival data of XB 1916-053
optical and X-ray periods. Furthermare, Chou et al. (20falg; to study the long-term change of its orbital period. The last
ing the RXTE light curves at the 3.9 d period, found changes @phemeris of the source was reportec_by Hu etal. (2008) who
the dip shape following this modulation. Those authors aiso used archival data from 1978 to 2002. We analysed more than
dicated that the dip-phase change, with a sinusoidal parfiod37 years of observational data from 1978 to 2014. The dat@ hav
6.5+ 1.1 d from Ginga 1990 September observations (Yoshitt&en obtained from the HEASARC (NASA's High Energy As-
1993;| Yoshida et al. 1995), may be associated with the subHa@physics Science Archive Research Center) website avel ha
monic of the 3.9 d period. Retter et al. (2002) detected déurt been reduced using the standard procedures. In partisdae-
independent X-ray period at 2979 s in the RXTE light curveshalysed the data used by Hu €t al. (2008), collected fror8 199
of XB 1916-053, which was mistakenly identified/by Chou et alo 2002, and added new data spanning up to 2014 (se¢]Tab. 1).
(2001) with a 3.9 d sideband of the 3000 s period. Retter et We obtained 27 points from all the analysed observations. Th
(2002) suggested that the period at 2979 s could be explaingdia collected by RXTE, Ginga, EXOSAT, Einstein, and OSO-
as a negative super-hump assuming the 3000 s period is theSowmere downloaded from HEASARC in light-curve format. We
bital period with a corresponding beat period of 4.8 d. Theesa used the standard-1 RXTECA background-subtracted light
authors suggested that the 3.9 and 4.8 d periods could be ¢heves, which include all the energy channels and have a time
apsidal and nodal precession of the accretion disc, resphct resolution of 0.125 s. All the pointing observations weredis

except for P70034-02-01-01, P70034-02-01-00, and P98447-

Finally, the source also showed a long-term $38.72d pe- 01-00 due to the absence of dips in the corresponding light
riodicity in X-rays (Priedhorsky & Terrell 1984), which hast curves. The EXOSAME light curves cover the energy range
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Table 1.Observation Log.

Point  Satelliténstrument Observation Start Time Stop Time Ttold

(UT) (uT) (MJD,TDB)
1 OSO0-8GCXSE 1978 Apr 07 21:16:05 1978 Apr 14 22:20:37 43609.40857572443
2 EinsteiflPC 1979 Oct 22 04:52:01 1979 Oct 22 06:58:30 44 168.24670380917
3 EinsteiflPC 1980 Oct 11 04:08:51 1980 Oct 11 09:07:19 44 523.27644368849
4 EXOSATME 1983 Sep 17 15:07:25 1983 Sep 17 21:29:49 45594.76532426988
5 EXOSATME 1985 May 24 12:26:21 1985 May 24 21:30:23 46 209.61274768518
6 EXOSATME 1985 Oct 13 13:53:16 1985 Oct 13 22:34:04 46 351.75944524423
7 GingdLAC 1988 Sep 09 15:47:56 1988 Sep 10 16:01:16 47414.16591183592
8 GingdLAC 1990 Sep 11 15:04:35 1990 Sep 13 09:18:11 48 146.51075733274
9 ROSATPSPC RP400274N00 1992 Oct 17 13:05:47 1992 Oct 19 15:24:20 9131B9379352164
10 ASCAGIS3 40004000 1993 May 02 18:11:00 1993 May 03 09:46:17  49BP393510115
11 RXTEPCA P10109-01-01-00, P10109-01-02-00, 1996 Feb 02 0(B14:51996 May 23 11:20:00  50174.74129123185

P10109-01-04-01, P10109-01-04-00,
P10109-02-01-00, P10109-02-02-00,
P10109-02-03-00, P10109-02-04-00,
P10109-02-05-00, P10109-02-06-00,
P10109-02-07-00,P10109-02-08-00,
P10109-02-09-00, P10109-02-10-00,
P10109-02-10-02
12 RXTEPCA P10109-01-05-00, P10109-01-06-00, 1996 Jun 01 17038:4 1996 Oct 29 11:00:34 50310.596956288645
P10109-01-07-00, P10109-01-08-00,
P10109-01-09-00
13 BeppoSAXMECS 20106001 1997 Apr 27 21:00:06 1997 Apr 28 19:51:02 5038854963594
14 RXTEPCA P30066-01-01-04, P30066-01-01-00, 1998 Jun 23 23306:4 1998 Jul 20 15:35:55 51001.306447481845
P30066-01-01-01, P30066-01-01-02,
P30066-01-01-03, P30066-01-02-00,
P30066-01-02-01, P30066-01-02-02,
P30066-01-02-03
15 RXTEPCA P30066-01-02-04, P30066-01-02-07, 1998 Jul 21 07411:4 1998 Sep 16 02:52:32 51043.70980975036
P30066-01-02-08, P30066-01-03-00,
P30066-01-03-01, P30066-01-03-02,
P30066-01-03-03, P30066-01-03-04,
P30066-01-03-05, P30066-01-04-00
16 RXTEPCA P30066-01-05-01, P30066-01-05-00, 2001 May 27 08714:42001 Jul 01 19:15:33 52074.07302734295
P30066-01-06-00, P30066-01-06-01,
P30066-01-07-00, P30066-01-07-01

17 BeppoSAXMECS 21373002 2001 Oct 01 03:40:16 2001 Oct 02 07:01:06 5772230184033

18 RXTEPCA P50026-03-01-00, P50026-03-01-01 2001 Oct 01 10:35:442001 Oct 01 22:16:03 52 183.684644754605
19 RXTEPCA P70034-02-02-01, P70034-02-02-00 2002 Sep 25 00:43:12002 Sep 25 09:31:12 52542.21332826887
20 XMM/Epic-pn 0085290301 2002 Sep 25 04:18:29 2002 Sep 25 08:28:252 542.266295747205
21 INTEGRAL/JEM-X 2003 Nov 09 09:04:11 2003 Nov 20 12:18:01 52957.94522688846
22 ChandrAHETGS 4584 2004 Aug 07 02:34:45 2004 Aug 07 16:14:53 53 2248392645

23 SuzakyXIS0 401095010 2006 Nov 08 06:09:51 2006 Nov 09 02:42:02 BA3AB65207864

24 RXTEPCA P95093-01-01-00, P95093-01-01-01 2010 Jun 19 13:41:52010 Jun 21 07:21:46 55367.43875650959
25 ChandrAETGS 15271, 15657 2013 Jun 15 13:56:17 2013 Jun 18 05:13:176 45%89915961875

26 SwifyXRT 00033336001 2014 Jul 15 08:04:57 2014 Jul 15 22:36:46 5363959388178

27 SuzakyX1S0 409032010, 409032020 2014 Oct 14 16:49:56 2014 Oct#A226 56 949.56345974802

between 1 and 8 keV and have atime bin of 16 s. The Gilga ROSAT data were obtained using the ftadimeconv and the
light curves cover the 2-17 keV energy band. We only used ttuolbct+abc, respectively. All the other data sets were corrected
data from the top layer and the light curves binned at 16 s. Wging the ftookarth2sun. Finally, we excluded the time inter-
downloaded the ROSAPSPC events, and extracted the corre@als containing X-ray bursts from each analysed ligive.

sponding light curve using the FTOOIxSelect. The Medium _ .
Energy Concentrator Spectrometer (MECS) onboard the B The Chandra satellite observed XB 1916-053 three times.

poSAX satellite observed XB 1916-053 two times, in 1997 Ag&e first time was on 2004 Aug 07 from 2:34:45 t0.16:1.4:53 ut
27-28 and 2001 Oct 01-02. Usingselect, we extracted the (obsid 4584). The observation had a total integration tifre0o

source light curves from a circular region centred on theaau kS @nd was performed in timed graded mode. The spectroscopic

and with a radius of 4 no energy filter was applied to the data"?m"leySiS of this data set was discussed by laria et al. (206€)

The B AYMECS liah : ; iheprocessed the data and applied the barycentre correttitie
timee o?rz)ps?esc. )}:\gcisoggsetr\;:eudrv;; Yg{%_%%?li?]efggzn&a@ t())Iée_vent-z file using the Chandra Interactive Analysis of Obeer
03; we used the events collected by the GIS3 working in mediLPﬂns (CIAQ) toolaxbary. In addition, we extracted the summed
bit rate to extract the corresponding light curve. The OSiigrg  1Irst-order medium energy grating (MEG) and high energy-grat
curve was obtained using the combined observation of thedB diY (HEG) light curves filtered in the 0.5-10 keV energy range

; ; he CIAO tootimextract. The last two Chandra observa-
C detectors of the GSFC Cosmic X-ray Spectroscopy expetlmHﬁ'ng t ;
(GCXSE). The light curve covers the 2-60 keV energy rangions of XB 1916-053 (obsid 15271 and 15657) were performed
The Einstein light curve was obtained from events colletgd P€tWeen 2013 June 15 13:56 and June 18 5:13 UT and have ex-

; ; ) posure times of 60 and 30 ks, respectively. We reprocessed th
';gre]gllrgage Proportional Counter (IPC) in the 0.2-3.5 keV gy'erdata and applied the barycentre corrections to the evelg-2i
ing axbary. Moreover, we extracted the first-order low energy
We applied barycentre corrections to the whole data ggiting (LEG) light curve in the 0.5-5 keV energy range using
adopting the source position of XB 1916-053 shown hbjmextract. We show the ChandfiaEG light curve in Fig[1.
laria et al. (2006). For the RXT/PCA light curves we used theVery intense dipping activity is present during the two aliae
ftools faxbary. The barycentre corrections for the ASCA antions. A type-I burst occurred during the obsid. 15271.
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Table 2. Best-fit parameters obtained fitting the dips in the foldgttlicurves.

Point  Phase Interval C, C, Cs &1 o &3 @4 Xoy(do.F)
count st count st count st
1 0.7-1.7 723+ 0.06 601+ 0.09 759+ 0.06 1086+ 0.012 1113+ 0.012 1290+ 0.016 1388+ 0.015 1.64(193)
2 0.7-1.7 574+ 0.06 294+ 0.13 575+ 0.11 1133+ 0.004 1170+ 0.004 1217+ 0.005 1263+ 0.006 1.44(152)
3 011 1124+ 0,08 848+ 0.12 11141009  0416+0006 0450+0005  Q574:0006 06030008  1.90(194)
4 0818 202+ 012 137+ 04 2373x011  1203+0003 1239+0004  1277+0003 132140003  1.91(194)
5 0.095-0.8 16404 89403 177403  0251:0015 0329+0015  0Q500:0008  0576+0008  4.70(114)
6 0.1-0.8 2%+ 0.2 203+ 0.4 271+0.2 0.454+ 0.007 Q487+ 0.008 0561+ 0.007 Q605+ 0.007 3.03(133)
7 0.5-1.1 70+11 428+ 10 756+ 1.0 0.658+ 0.004 Q680+ 0.004 Q840+ 0.009 Q940+ 0.010 16.9(84)
8 0512 1071+ 1.0 606+ 1.3 1063+08  0657+0007 0805:+0008  0903+0004  Q954+0005  47.8(138)
9 01 6052 007 160+ 0.06 615+007  0340+0008 05350006  0640+0004  0752+0005  4.77(294)
10 0614 B+03 085+ 0,05 93:03 0765:0004 0809+0002  1022+0003 11000006  12.08(234)
11 0-1 4100+ 0.11 3135+ 0.11 4506+ 0.08 0207+ 0.004 Q323+ 0.004 Q499+ 0.002 0611+ 0.003 12.61(506)
12 0.1-1.1 360+ 0.10 2169+ 0.13 3745+ 0.11 0443+ 0.003 Q569+ 0.003 Q710+ 0.002 Q808+ 0.002 11.33(505)
13 095195 ®36+0013  Q035:0003  0982+0014  1238:0004 1340+0002  1537+0002 164740005  2.14(249)
14 0.24-0.75 26402 1455+ 0,10 277+02  0313:0003 0433:0002  0582+0002  Q0705+0003  11.10(255)
15 0.15-1 361+ 0.10 253+02 3831+ 0.08 0381+ 0.004 Q566+ 0.005 0598+ 0.003 Q738+ 0.003 10.43(420)
16 0.35-0.9 25+ 0.2 1752+ 0.10 269+ 0.2 0419+ 0.004 Q489+ 0.004 0697+ 0.003 Q763+ 0.003 1.90(274)
17 0.9-1.9 1030+ 0.009 Q31+ 0.02 1016+ 0.007 1045+ 0.004 1160+ 0.004 1178+ 0.004 1272+ 0.004 1.11(249)
18 01 23754014 11403 2440+013 109240002 1113+0002  1168+0005 128140005  1.57(505)
19 0616 2802 201402 208402  0953+0004 0985:0004 11710006  1249+0006  3.06(505)
20 0.1-1.1 6D+ 05 304+0.5 724+ 0.5 0.406+ 0.004 Q506+ 0.003 Q671+ 0.003 Q730+ 0.003 17.84(505)
21 0.2-1.2 0284+ 0.0002 00256+ 0.0004 00284+ 0.0002 057+ 0.02 063+ 0.02 Q708+ 0.014 Q733+ 0.011 0.766(144)
22 0.3-1.3 P2+ 0.03 85+02 1004+ 0.03 0796+ 0.005 Q835+ 0.007 0844+ 0.013 Q923+ 0.007 1.71(144)
23 0919 180+ 0.05 114 (fixed) 1561+005  1263+0006 138 (fixed) 138 (fixed) 15210006  2.41(505)
24 0919 308+ 0.13 23103 2049:015 132240003 1344:0003  1499+0002 145140002  1.22(505)
25 0.09-0.65 52+0.03 Q759+ 0.010 269+ 0.04 0194+ 0.003 Q314+ 0.002 0525+ 0.002 0598+ 0.003 2.39(567)
26 0.6-1.6 161+0.11 44 + 0.6 125+ 0.2 1025+ 0.010 127+ 0.02 1295+ 0.004 1307+ 0.004 4.08(171)
27 08416 D8+ 0.04 1607+ 0.015 518+002  0909+0.003 1089+0.002 12080+00011 12904+ 00014  3.29(382)
: Bin time: 1‘6 S Table 3.Journal of the X-ray dip arrival times of XB 1916-053.
8L | | ] Point Dip Time Cycle Delay
(MJD;TDB) (s)
1 43609.4168(12) -187551 18274
| \ 2 44168.2535(5)  -171460 79228
o | 3 44523.2941(5) -161 237 64442
©r ] 4 45594.7744(3) -130385 44918
o 5 46209.6271(13) -112681 193112
é | 6 46351.7778(9) -108588 35252
S 7 47 414.193(2) -77997 162132
39 | | | 8 48 146.539(3) 56910 47182
3 9 48913.6127(10) -34823 -140+ 59
< | 10 49109.1148(12) -29165 -48+76
11  50174.7555(5) 1490 -50+ 46
ol | 12 50310.6187(4) 5402 -17+ 37
S ' | Im M 13 50566.3680(4) 12766 —69+ 39
14 51001.3241(5) 25290 —15z 40
\ ‘ M\. i 1 15  51043.7292(5) 26511 -9+45
| i ”"MWWWW""?”F W!W'IHIIWMMWIHNHW i 16 520740935(3) 56179 15129
o ad W 17 52183.7349(3) 59336 16728
0 2x10 . 410 6x10 18  52183.7008(2) 59335 16219
Time (s) 19 52542.2168(4) 69 658 22739
Fig. 2. SuzakyX1S0 light curve of XB 1916-053 during the long obser- 20 52542.2860(11) 69660 20298
vation on 2014 Oct. 21  52957.9679(8) 81629 32769
22 53224.6246(4) 89307 46734
23 54048.3791(5) 113026 43139
The X-ray Multi-Mirror Mission-Newton (XMM-Newton) 24 55367.45218(15) 151007 5233
observed XB 1916-053 on 2002 Sep 25 from 3:55 to 8:31 UT 25 56459.9129(3) 182463 72120
and the European Photon Imaging Camera (EPIC-pn) collected 26 56 853.6454(8) 193800 82167
data, in timing mode, over 17 ks of exposure. An extensive 7 56 949.84670(10) 196570 818

study of this observation was performed by Boirin etlal. @00
We reprocessed the data, extracted the 0.5-10 keV lighecu
and applied barycentre corrections to the times of the BRIC-
events with the Science Analysis Software (SAS) toatycen.

Suzaku observed XB 1916-053 twice, the first time on 200@&s already been analysed by Zhang et al. (2014), while & stud

Nov 8 (obsid. 401095010) and the second time from 2014 Oct G#ithe second observation has not been published yet. Fbr bot
to 22 (obsid. 409032010 and 409032020). The first observatimbservations, we extracted the X-ray Imaging Spectron@ter

l?(mz — Epoch of reference 50128873 MJD, orbital period
0006511 s.
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(XIS0) events from a circular region centred on the sourak aa constant period reference, we used the values of the period
with a radius of 130. We applied the barycentre corrections t®, = 30006511 s and reference epoth= 50 12300873 MJID

the events with the Suzaku tcadbarycen. We do not show the reported in_ Hu et al! (2008). We show the valued gfy in Tab.
light curve of the first Suzaku observation since it was alyealll. The best-fit parameters of the step-and-ramp functioriteend
shown by Zhang et al. (2014) (Fig. 1 in their paper), however, corresponding[fed are shown in Tali.]2. The inferred delays, in
show in Fig[2 the XISO light curve of the observation perfem units of seconds, of the dip arrival times with respect to a-co
in 2014 Oct. The light curve indicates that a bursting attiis  stant orbital period are reported in Tab. 3. For each point we
present in the first 200 ks of the observation and the pensisteomputed the corresponding cycle and the dip arrival time in
count rate decreases from 20 to 10 counts s the second part days with respect to the adopt&gl We show the delays vs. time
of the observation, the persistent count rate is quite eostt 7 in Fig.[3 (left panel).

counts s' and an intense dipping activity is present. For the aim Initially we fitted the delays with a quadratic function

of this work, we selected and used the events from 250 ks to the )

end of the observation. y(t) = a+bt+ct?,

Swift/XRT data were obtained as target of opportunity obs
vations performed on 2014 Jul 15 from 07:55:53 to 22:27:58
(ObsID 00033336001) for a total on-source exposure @3
ks and on 2014 Jul 21 from 07:32:00 to 16:11:5 UT (Obsl

00033336002) for a total on-source exposure-d.0 ks. The " ; - .
count rate in the first observation reaches 15 courksvsith derivative. The quadratic form does not fit the data, we oleti

. 2(d.o.f.) of 194.6(24). H in the followi led th
a mean at about 10 countstsdue to the dips seen down to* (do _)0_ 9 6(24). Here, andin the following, we scaled the
2 counts s!; the second observation shows no dips and hagiacertainties in the parameters by a fac{py?,, to take a value

mean count rate of 7 counts’s Since the data from ObsID of 2 of the best-fit model larger than 1 into account. The best-
00033336002 do not show dips we only used the first obserygparameters are shown in the second column of Thb. 4. The

proceduresirtpipeline v0.13.1), and with standard filtering

and screening criteria witATOOLS (v6.16). Source events (se- 300065094(14
lected in grades 0—2) were accumulated within a circulaioreg Tdaip(N) = MID(TDB) 50 1230096 (3)+ TOO(N+
with a radius of 20 pixels (1 pixet 2.36”). For our timing anal- 13012
ysis, we also converted the event arrival times to the sgkiem +2.37(12)x 107N,
barycentre wittbarycorr. 1)

We selected a public data setldfTErnational Gamma-Ray . .
Astrophysics Laboratory (INTEGRAL Winkler et al. 2003) ob- whereN is the number of cycles, .51]23009.6(3) MJD is the
%‘ew Epoch of reference, the revised orbital periodPis=

eret is the time in days with respect ffy, a = ATy is the
correction toTg in units of secondsh = AP/Pg in units of s

-1 with AP the correction to the orbital period, and finalty:=
/2 P/Pg in units of s d2, with P, that is the orbital period

servations performed in staring mode on XB 1916-053. Th : . e .
we analysed the data collected by the X-ray telescope JE 00065094(14) s, and the orbital period derivative obtained

. Py _ 11 .
X2 (Lund et all2003). A total amount of 87 pointings (the torom the_ quadratic term B = 1'3.6(7)* 107" g/s. The obtained
tal observation elapsed time is 310 ks) covered the INTE- guadratic ephemeris is compatible with that reported by tHhlle

GRAL revolutions 131, 133, and 134, which were carried out 6%008)' We _show t_he bes}-ﬂt curvein Fig. 3.(Ieff[ panell) arel th
2003 November 9-20. We performed the JEM-X2 data analyglgrrespondlng residuals in units of seconds inHig. 3 (mginel,
using standard procedures within thé&lde Science Analysis Upper plot). . '
software (OSA10.0) distributed by the ISDC (Courvoisiealet As we obtalned a _Iarge value of tb@é,.we fitted the_ delays;
2003). We extracted the light curves with a 16 seconds bif- ime adding a cubic term to the previous parabolic fumcti
size in the energy range 3-10 keV, and after that we applied {tf- P 3
barycentre corrections to the events using the baoycent. (O =a+bt+ct” +dt,
wherea, b andc are above defined whilst the cubic terdy,is

. defined asP/(6Py), and P indicates the temporal derivative of
3. Data analysis the orbital period derivative. Fitting with a cubic funatiowe
We analysed 27 light curves and folded the barycentricened ©btained ar*(d.of.) of 92.4(23) with aAy? of 1051'2. and an F-
light curves using a trial time of reference and orbital peyi (€St probability of chance improvement 024107 with respect
T+oq andPy, respectively. For each light curve, the valudefig to the quadratic form. The best-flt_values are s.hown in thel thi
is defined as the average value between the corresponding §Yumn of TabL k. The corresponding ephemeris (hereafte LQ
and stop time. We fitted the dips with a simple model consi§Phemeris) is
ing of a step-and-ramp function, where the count rates befor

during, and after the dip are constant and the intensity gésn Taip(N) = MID(TDB) 50 1230087070008+
linearly during the dip transitions. This model involvessepa-  300065239(3 1372 2273.
rameters: the count rate before, during, and after the difec¢ *~gga00 N 2.97(12)x 107°N" — 2.2(4)x 107N,
Ci1, C,, andC;, respectively; the phases of the start and stop time @)

of the ingressdg; andg,), and, finally, the phases of the start and

stop time of the egress{ and¢4). The phase corresponding tan this case we find an orbital period derivative o 1(7)x 1011

the dip arrival timepgip is estimated aggip = (44 + ¢1)/2. The /s and its derivative i® = -3.8(0.7) x 1020 /s>,

corresponding dip arrival time is given lyp = Ttod + @dipPo. We also fitted the delays using a linear plus a sinusoidakfunc
To be more conservative, we scaled the error associate@wyith tion having the following terms

by the factor[x2,, to take a value of?,, of the best-fit model T 2n
larger than 1 into account. To obtain the delays with resmectY(t) = @+ bt + Asin P (t-1t)|, ®)
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Fig. 3. Left panel: dips’s arrival time delays versus time. The nmaggeblue, black , and green curves are the best-fit curvesnglot using the
linear+quadratic (LQ), linearsinusoidal (LS), linearquadratie-sinusoidal (LQS), and lineasinusoidal function taking into account a possible
eccentricity (LSe), respectively. Right panel: observeadus calculated delays in units of seconds. The residuals) the top to the bottom,
correspond to the LQC, LS, LQS, and LSe function, respdgtive

Table 4. Best-fit values of the parameters of the functions used tbéditelays.

Parameters LQ LQC LS LQS LSe

a(s) 78+ 23 -2.7'%1, 584+ 157 16+ 22 229+ 336 56+ 322 11+ 2992
b(x10°%sd?') -4+4 371+ 04 -43+ 23 -4+3 3+20 3+19 5+ 22
c(x10%sd? 1.70+0.09 213+0.03 - 179+ 0.09 - - -
d(x10°sd?) - -1.35+0.12 - - - - -

A(s) - - 658+ 206 130+ 15 519+ 47 548+ 43 577+ 43

ty (d) - - 3897 332 1356+£203 -3723+1100 —-3150+1116 —2923+ 1034
Pmod (d) - - 204093381 9302 752 17100 (fixed) 18600 (fixed) 20100 (fixed)
w (deg) - - - - 195 26 210+ 28 217+ 27

e - - - - 026+ 0.20 028+ 0.15 032+0.13
x3(d.o.f) 194.6(24)  92.4(23) 63.7(22) 39.4(21) 51.8(21) .2431) 45.8(21)

Note — The reported errors are at 68% confidence level. The fit patensof the delays are obtained using LQ (column 2), LQQufoal3), LS
(column 4), LQS function (column 5), and LSe (columns 6, ¥ 8)) respectively.

wherea andb are defined as abova, is the amplitude of the where Njog = Pmod/Po = 587 65953 + 97 35167 and¢ =
sinusoidal function in second®m is the period of the sine 2xt;/Pmog = With Pyog = 55.9 + 9.3 yr. This functional form
function in days, and, finallyt, is the time in days referred to significantly improves the fit, even though it does not take th
To at which the sinusoidal function is null. We obtained a valygossible presence of an orbital period derivative into anto

of y?(d.o.f.) of 63.7(22) with aAy? of 131 with respect to the  We added a quadratic term to take the possible presence of an

quadratic form. The best-fit parameters are shown in thelouprbital period derivative and fitted the delays into accousing
column of Tab[%. The best-fit function is indicated with aébluthe function

curve in Fig[B (left panel) and the corresponding residasads

shown in Fig[B (right panel, the second plot from the top)e Th )
residuals are flatter than those obtained in the previows tis  Y(t) = a+ bt +ct® + AS'”[
ing the sinusoidal function, the dip time obtained from tH&@®

8 observation is distant200 s from the expected value. The

corresponding ephemeris (hereafter LS ephemeris) is We obtained a value of*(d.of.) of 39.4(21) and a F-test prob-
ability of chance improvement with respect to the LS ephésner

of 1.7 x 1073, The best-fit parameters are shown in the fifth

column of Tab.[¥. The best-fit function is indicated with a
Taip(N) = MID(TDB) 50 12301549(18} black curve in Fig[B (left panel) and the correspondingd-esi

30006496(8)N Asi 2n N 4 uals are shown in Fid.]3 (right panel, the third plot from the
g6a00 | TASMG N2 (4) top). The corresponding lineaquadratie-sinusoidal ephemeris

2r
(1 - t¢>] . ©)

mod
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Fig. 4. Folded RXTEASM light curve of XB 1916-053 in the 3-5 and 5-12.2 keV energnge (top and middle panels). The corresponding
hardness ratios (HRs) are plotted in the bottom panels. @teaihd right plots show the folded RXTASM light curve using the ephemeris
discussed by Hu et al. (2008) and LQ ephemeris[{kq. 1) shotheiBect. 3, respectively. Each phase-bin is about 50 s.
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Fig. 5. Left and right plots show the folded RXT&SM light curve using LQC ephemeris (dd. 2) and LS ephemexid4), respectively. Each
phase-bin is about 50 s.

(hereafter LQS ephemeris) is

300065126(10
+2.50(12)x 107132 + Asin[ﬁN - ¢] ,
Nmod
(6)

with Nmog = 267 83787 + 2165290 andg = 0.92+ 0.16. The
corresponding orbital period derivativeRs= 1.44(7)x10 1 g/s
and the period of the modulationng = 25.5+ 2.1 yr. ! : _

Our analysis of the delays suggests that a quadratic of krger orbital period with respect to 9 300 d.

quadratic plus a cubic term do not fit the delays. A better ibis

tained using a sinusoidal function with a period close to @D 0

d and, finally, adopting a sinusoidal plus a quadratic term, w
obtain the best fit of the delays. In this latter case, thessiial
function has a period of 9 300 d, about half of that obtaineédgis
only the sinusoidal function. Moreover, the orbital peritetiva-

tive P = 1.44(7)x 107! /s (compatible wittP = 1.5(3)x 1071

§/s obtained by Hu et &l. 2008) is extremely high to be explained
by a conservative mass transfer and loss of angular momentum
from the binary system for gravitational radiation (seetrsec-
tion). This awkward result can be bypassed if the quadratio t

is merely an approximation of a further sinusoidal functigth
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Fig. 6. Left and right plots show the folded RXT&SM light curve using LQS ephemeris (€q. 6) and LSe ephen(eg§8) withPy, = 18 600
d, respectively. Each phase-bin is about 50 s.

Under this assumption, the best fit obtained using the LQ@Swhich are the best, lower, and upper value of the period ob-
ephemeris could be explained using &atient scenario, wheretained from the LQS ephemeris multiplied by a factor of two.
the quadratic term mimics the fundamental harmonic of a SERe best-fit parameters are shown in Tdb. 4 (columns 6, 7, and
ries expansion whilst the sinusoidal term is the first harimon8). They?(d.o.f.) are similar for the three adopted periods and
This seems also suggested by the best fit obtained using theth&F-test probability of chance improvement with respedt$
function (eq[B), since we obtain a modulation period, which function is 41x 1072, 1.7x 1072, and 09 x 102 for a Poq Value
almost twice that obtained using the LQS function [@qg. 5).  of 17100, 18 600, and 20 100 d, respectively. In the following

If we assume that XB 1916-053 is part of a hierarchical tripl@e discuss the case &, = 18600 d. The best-fit function
system then the measured delays are afferted by the influ- is indicated with a green curve in Fig. 3 (left panel). Thereer
ence of a third body. If the orbits of the third body and of the Xsponding residuals are shown in Hig. 3 (right panel, lowet)pl
ray binary system around the common centre of mass arelglighithe corresponding ephemeris (hereafter LSe ephemeris) is
elliptical then the delay\ps(t) associated with the Doppler shift

can be expressed as Tap(N) = MID(TDB) 50 123010(3)+ > 2000>12(6 0(;%6:’0102(6)N+
Aos(t) = A{sin(mt + o)+ g [sin(2m + @) — 3sin(@)] + +Aps(N).  (8)
e ) To verify the robustness of our results, we produced the
+ Z[Z sin(@ + @) — sin(m + @) cos(n; + 1)+ folded light curves in the 3-5 and 5-12.2 keV energy bands of
. XB 1916-053 obtained from the All Sky Monitor (ASM) on
— 2sinm) cos(w)]}, (7) board RXTE using the ephemerides shown above. We inferred
those ephemerides using only pointing observations fromtwh
where we obtained 27 points spanning from 1978 to 2014, whilst the

RXTE/ASM light curves cover from 1996 Sep 01 to 2011 Oct
31. We applied the barycentre corrections to the R}¥NSM

events. As a first step, we folded the RXRSM light curves

of XB 1916-053 using the LQ ephemeris reported by Hu et al.
(2008) and by us (E@] 1), adopting 60 phase-bins per peried co
responding to~50 s per bin. The folded light curves and the
the projected semi-major axis of the orbit, described byctre corresponding hardne.ss ratios (HRs) are shown inlFig. 4eNon

;Qé the HR show an evident increase at phase zero as we would

tre of mass of the X-ray binary system around the centre om . . ; . ; ) X
of the triple system. V\Xa neglyéctythird and higher order teinms ExPect if the ephemerides well define the dip arrival timdgs T

Eq.[7. Limiting EQLY to the first-order terms, it becomes tke e|mplies that those ephemerides do not correctly predictitphe

i | : R rrival times contained in the RXTESM light curve. Adopting
\F,)Vrg?}ftlgg t?]heOéVeq;Z;/SVL?;ndger Klis & Bonnet-Bidald (1984). Theﬁ‘le LQC ephemeris (efil 2), the maximum value of HR (that is

2.8) is reached at phase 0.1 (see Eg. 5, left panels). Algdsn
y(t) = a+ bt + Aps(t). case, the LQC ephemeris does not predict the dip arrivaktime
the ASM light curves of XB 1916-053. Using the LS ephemeris
Because the 27 available points do not cover a whole peried, (#q.[4) to fold the light curves, we obtained that the maximum
arbitrarily fixed the value oPno at 18 600, 17 100, and 20 100value of HR is reached at phase zero and is close to 3.4 (see

m—ﬂ(t—t)
Pmod ’

is the mean anomalgis the eccentricity of the orbiPnq is the
orbital period of both the X-ray binary system and the thiod
around the common centre of massgdenotes the periastron an
gle;t, is the passage time at the periastron; and asini/cis
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Fig. 7. Folded RXTEASM light curve of XB 1916-053 selecting the events from S0l SSC2. No energy filter is applied. Each phase-bin
correspond to 75 s. Left panel: folded light curve using tl@SLephemeris (efl] 6). Right panel: folded light curve usirgliSe ephemeris (eq.
).

Fig.[3, right panels). In contrast, with the LQS ephemerig. (Ethe X-ray binary system iB = 1.44(7)x 107! g/s and the ob-

[6) the maximum value of the HR falls in two phase-bins closerved delays associated with the dip arrival times decgd

to phase zero (see F[d. 6, left panels) and the maximum véluéog a relatively low-amplitude~ 130 s) sinusoidal modulation

HR is 3.2, which is smaller than the value obtained with the L\ith a period close to 26 yr. In the second case the orbital pe-

ephemeris. Finally, we folded the RXTASM light curves using riod derivative is fixed to zero and the modulation of the gela

the LSe ephemeris (€lg. 8). We show the folded light curves asdolely sinusoidal with an amplitude ef550 s and an orbital

the corresponding HR in Figl 6 (right panel). In this lasteci®e  period close to 51 yr. We explain in the following the sinwasdi

maximum value of the HR falls in only one phase bin at phaseodulation for both the scenarios, assuming the presenee of

zero and the maximum value of the HR is about 4.5. third body forming a hierarchical triple system with XB 1916
We also folded the RXTRASM light curve (not filtered in 053, which alters the observed dip arrival times.

energy) using the LQS and LSe ephemerides once we selected/Ve start by discussing the plausible values of the companion

the events from the Scanning Shadow Cameras (SSCs) 1 aiad massvl,. We know that the companion star is a degenerate

2. Adopting 40 phase-bins per period (that is each bin is 75 sjar and its radiuR, has to be equal to its Roche lobe radRis

the folded light curves are very similar (see Hify. 7), intlig since the binary system is in the Roche lobe overflow (RLOF)

that the two ephemerides are statistically equivalent.dipeés regime. Rearranging the Eq. 3.3.15 lin_Shapiro & Teukolsky

clearly observed at phase zero, the ASM count rate is redu¢2883), the mass-radius relation for a degenerate starecamit

during the dip of 60% with respect to the persistent emisgton ten as

nally, the goodness of the two ephemerides allows us to vbser R 21503 M, \"1/3

the presence of a secondary dip at phase 0.55, which is tigpica 2 _ 0,04(_) (_2) = 0.0126 (1+ X)5/3m£1/3,

observed in several dipping sources (see Grindlay|198%Bor Ro A Mo

1916-053). whereZ and A are the atomic number and the atomic weight
of the matter composing the star, and where we assumed that
] ) the matter is only composed of hydrogen and helium. The facto
4. Discussion Z/Ais the average of /A for matter composed of hydrogen and
hI%elium,x is the fraction of hydrogen in the star and, finaty,

IS the companion star mass in units of solar mass. This exuati
(J?eas to be corrected for the thermal bloating fadtawhich is the
ratio of the companion star radius to the radius of a star thigh
jame mass and composition, that is completely degenerdte an
supported only by the Fermi pressure of the electrons; then t
fgctorf is> 1. The Roche lobe radius of the companion star can
be written as

From the study of the 27 dip arrival times obtained from t
pointed observations of XB 1916-053 and of the RXAEM
light curves, we find that the quadratic and cubic ephemsri
do not correctly predict the dip arrival times on a long timars,
whilst to well fit the delays, we need to use a function that-co
tains at least linear and sinusoidal terms (LS ephemerd:ge
[)). The addition of a quadratic term to the LS ephemeris[(fEq.
gives a probability of chance improvement obtained withta$t-
of 1.7 x 103 with respect to the LS ephemeris. Finally, using the m Y3
ephemeris shown in E@] 8, the probability of chance improve- Rz = 0.46224a (m " ) ,
ment, also with respect to the LS ephemeris,.%6x11072. The L+ M

LQS and LSe ephemerides paint twéfdient physical scenarioswherea is the orbital separation of the binary system amds
for XB 1916-053. In the first case the orbital period derivatdf the neutron star (NS) mass in unit of solar mass. We can arite
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in terms of the orbital perio®, m;, andm,, using Kepler’s third |Rappaport et al. 1932). In Elg.111 we assume that the NS radius
law. Combining the last two equations and Kepler’s third, baw is 10 km. Using the orbital period value of 3 000.65 s, assgmin
obtain n=1anda conggeBrvsative mlass transfer scer(l)gﬁg)ri% 0, Welfind
thatLx ~ 1.1x 10°°f° erg s+ andLx ~ 2.3x 10°°f° erg s~ for
mp = 0.0151 (1+ X)*/2£*/2, () a NS mass of 1.4 Mand 2.2 M, respectively. Comparing the
Nelemans et all (2006), analysing the optical spectrum thigh 0bserved luminosity and the predicted luminosity, we esten
European Southern Observatory Very Large Telescope, tdetedhatf = 3.6+0.4 andf = 3.0+ 0.3 fora NS mass of 1.4 Mand
a He-dominated accretion disc spectrum and suggested digeé Mo, respectively. Substituting the obtained value$ of eq.
evidence for a helium donor. The authors found a good maf@nhwe obtain that the companion star masMis= 0.10+ 0.02
with an LTE model consisting of pure helium plus overaburndalfle ahdMz = 0.078+0.012 M, for a NS mass of 1.4 Mand 2.2
nitrogen. For this reason, we assudie= 0 in the rest of the Mo, respectively. The mass ratip= M>/M; of XB 1916-053 is
discussion. between M36+ 0.009 and 0071+ 0.009.

The bolometric X-ray flux of XB 1916-053 was estimated by Hu et al. (2008) inferred the mass ratio of XB 1916-053 from
several authors, Galloway et al. (2008), analysing a RITE the negative super-hump period and foune 0.045 which is
observation of XB 1916-053, determined a persistent flukén tcompatible with our estimated range of valuegjcChou et al.
2.5-25 keV of (382 + 0.04)x 10 erg s cm 2. The authors (2001) estimated a value of ~ 0.022 using the period of the
corrected the flux for a bolometric factog, = 1.37+ 0.09 to apsidal precession of the accretion discRyfe. = 3.9087(8)
estimate the bolometric flux in the 0.1-200 keV energy rangé, The value ofj obtained by Chou et al. (2001) is outside the
obtaining a bolometric flux of (2 + 0.3) x 10°% erg s cm™2.  range that we find.

Recently) Zhang et all (2014), analysing a Suzaku observati To estimate the orbital period derivative we use the eq. 11
of XB 1916-053, found a value dfyg in the 0.1-200 keV en- shown in Rappaport et al. (1987) that we rewrite as

ergy range between%x 1071 and 61 x 1071 erg s cm™.

Finally, analysing the persistent emission of the sourecendua . 1.54x% 10°° ~ ~

BeppoSAX observation, Church et dl. (1998) estimated aevalll = m”ﬁ/gpmm(l +X)*2f¥2 s st (12)

of Fpg in the 0.5-200 keV energy range of26x 1071° erg st '

cm 2. Since the RXTEASM light curve of XB 1916-053 shows Using the value of® ~ 144 x 101 s s (LQS ephemeris)
that the count rate of the source is almost constant over m(E:e

than ten years, we adopt a conservative value for the botame nd the o.rbital perio_d value of 3 000.65 s, we find that the-ther
flux of (5.5 + 0 ’5) « 100 erg st o2 al bloating factorf is 40 and 32 for a NS mass of 1.4 and 2.2

. : . These values of are not physically plausible and suggest
L o]
The distancel to the source was estimatedby Galloway et a}l}lﬂat, in a conservative mass transfer scenario, the valdleeof

(2008) measuring the peak flux during the photospheric ra- . ; O X
dius expansion (PRE) in type-I X-ray bursts. Equation 8 | bital period derivative cannot be that obtained from ti@@SL

: phemeris.

Galloway et al.[(2008) can be rewritten On the other hand, adopting an orbital period of 3 000.65 s

= -1/2 me \Y4 and a factorf of 3.6 and 3.0 for a NS mass of 1.4 and 2.2 e
d=832 Pk.PRE ) my/2 (1 —0.296 _1) find P = (39+0.2)x 10 3s s andP = (3.98+ 0.15)x 10713

3x10%erg st cm= rPRE s s1for a NS mass of 1.4 Mand 2.2 M, respectively. The or-
(1 + X)"Y%kpc, bital period derivative normalised to the orbital periodPjd? ~
(10) 4.2 x 107° yr ! and weakly depends on the NS mass. We con-
clude that the conservative mass transfer scenario witaranil
whererpre is the photospheric radius of the neutron star in unitdoating factor of the companion star between three anddbur
of 10 km andF y pre is the flux at the peak of the type-I X-raylows us to explain the discrepancy between the predicted and
burst during the PRE. The authors measufgdere = (2.9 + observed X-ray luminosity, but it does not solve the disaregy
0.4)x 108 erg s cm2 andrpre ~ 1.1 for XB 1916-053 and between the predicted and measured orbital period derévalb-
concluded that the distance to the sourced is 8.9 + 1.3 kpc tained from the LQS ephemeris. For this reason, we investiga
(adoptingX = 0) for a NS mass of 1.4 M The X-ray luminosity the non-conservative mass transfer scenario.
can be expressed &s = 4rd’Fy, where we roughly assume  Combining the eqé. 11 aind]12, we obtain
th?t the emitted flux is isotropic. We obtdip ~ 5.2 x 1822 erg
st for a NS mass of 1.4 M whilst we findLy ~ 6.6 x 10°°erg Ly 1 52 g3/2 1
s for a massive NS of 2.2 M P 338x 10" m Py’ ¥ erg s™. (13)
Rappaport et al.| (1937) predicted the X-ray luminosity for

highly compact binary systems under the reasonable hygisth@doptingL, ~ 52x 10®¢ erg s, P = 1.44x 101 s s P =
that the main mechanism to lose angular momentum is gravi$a0Qa65 s and fixing; = 1, we find that3f®2 = 0.191 for a
tional radiation. Combining the Eqgs. 8 and 13 in their worle, WS mass of 1.4 M. Sincef > 1, we expect that more than 81%

obtain of the mass yielded by the companion star leaves the system.
5.2 x 1072 5301473 5 .3 L Furthermore, since the measured valuéds,adndP are positive,
Ly = ——————m P 3(1+ X)%8nf° erg 57, (11) the term 1- 1.5a(1 - B) in eqs[I1 an@2 should be positive.

- 1

1-15(1-5) Solving fore while taking < 0.191 we obtain thatr < 0.823,
where Py, is the orbital period in units of minuteg, is the Because is in unit of 2ra?/ Py, We find that the matter should
fraction of matter yielded by the companion star and acdreteave the binary system from a distartc&om the neutron star
onto the NSy, is the gficiency for converting gravitational po-of d < */?a; the point of ejection in unit of orbital separation is
tential energy into X-ray emission, and is the specific an- X = d/a < 2. In the rest of the discussion, we assume that the
gular momentum carried away by the mass lost from the sysatter is ejected at the inner Lagrangian peintof the binary
tem, in units of 2a?/Pqyp, wherea is the orbital separation (seesystem. We rewrite the €g.111 as functiorf afsing the condition
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Fig. 8. X-ray luminosity of XB 1916-053 in units of f0erg s versus Fig. 9. Orbital period derivative of XB 1916-053 in units of 6 s s!

the thermal bloating factof of the companion star. The four curvesversus the thermal bloating factérof the companion star. The brown

correspond to dierent values of the NS mass: purple, green, light bluend purple curves are obtained using a NS mass of 2.1 and 2.2 M

and gold colours correspond to a NS mass of 1.4, 2, 2.1, an2,2 The red and green lines indicate the best-fit value and thesalt 68%

respectively. The peaks in the curves aré at1.5. confidence level of the orbital period derivative obtaineshf the LQS
ephemeris. The purple curve is compatible at With the measured
orbital period derivative fof ~ 1.5.

Bf3/2 =0.191. We find

5.2x10% 5/3

N m Benvenuto et al.| (2012) proposed that a binary system with an
C1-15x32(1-0.191f-32) 1

initial orbital period of 0.8 d, composed of a 1.4,MNS and
(14) a companion star mass of 2gVlevolves in~6.5 Gyr forming
a binary system that well fits the known orbital parameters of

wherex,7 is the position of the inner Lagrangian point in unit§he black widow millisecond pulsar PSR J1719-1438. We note
of orbital separation. Using €. 9 and a NS mass of 1.4 %, that the same evolutive path fits the orbital parameters of XB

can be written as a cubic function éffor values of the thermal 1916-053 at~ 5 Gyr from the initial time. At 5 Gyr, the pre-
bloating factor between 1 and 10. We find dicted orbital period is 0.035 d, the predicted compani@n st

mass is 0.03 N, the NS mass is slightly larger than 2.2;M
X1 = 0.915-6.87x 107 %f + 6.61x 1073f? - 2.88x 10*f3,  (Benvenuto, private communication) and the companionistar
. 3 - , helium dominated. These values are very similar to those of
with an accuracy of x 10°. Combining the last equation andy g 1916-053 shown in this work for a non-conservative mass

eq.14, wesinfer the luminosity as function bf We Showlx in  yansfer scenario, although a discrepancy between ounasti
unit of 10°6 erg s versusf for a NS mass of 1.4 M (purple tion of M, ~ 4.1 x 10° M, yr-! and the value suggested by

colour) in Fig[8. Since the observed luminosity for a NS Ma%nvenuto et Al (2012) at 5 Gyr (10°1° M, yr-Y) is present.

of 1.4 M, is larger than the predicted one for each valud of ¢, ithermore, we note that as the spin period of PSR J1718-143
also taking the corresponding error into account, we catelu;

) " . - s 5.7 ms (see Bailes etlal. 2011, and references thereispthe
that this specific non-conservative mass transfer scenario fa'lb?enod of the NS in XB 1916-053 could also be extremely short
foraNS massof 1.4 M .

Indeed/ Galloway et all (2001) interpreted the asymptate f

We repeat the same procedure for NS masses of 2, 2.1323 ncy of the coherent burst oscillations in terms of a deleali
rf

2.2 Mo, finding that the predicted and observed luminosities burning | d ted that the NS Id h
only compatible in the case in which the NS mass i2.2 M. spinaggriolérglrr(])%n?jy??;?gs. suggested that the couid have a

: : 3/2 _
In this case ,we find th#tf** = 0.154,a < 0.784 and Nevertheless, we note that our solution for a non-

X1 = 0.927- 6.02x 10°2f + 5.66x 10°3f2 - 2.88x 1074f3  conservative mass transfer scenario is not supported by a ro
bust physical mechanism to explain the large quantity of-mat
, with an accuracy of & 1073, The luminosity for a NS mass ofter ejected from the inner Lagrangian point. To date, only tw
2.2 M, (gold colour) is shown in Fid.]8. Furthermore, we plot thphysical mechanisms are known to be able to eject the trans-
orbital period derivative as function éfforaNS massof 2.1 M ferred matter partially (or totally) . The first mechanisnegicts
(brown colour) and 2.2 M(purple colour) in Fig.B. We note thatthat when a super-Eddington mass transfer occurs, the Xiray
only for a NS mass of 2.2 Mthe predicted and measurBdare minosity has to be at the Eddington limit. Then, the radratio
compatible forf ~ 1.5. We conclude that this non-conservativpressure from the compact object pushes away part of the-tran
mass transfer scenario predicts the observed values afitsity  ferred matter from the binary system. This mechanism was re-
and orbital period derivative only for NS masses larger th&n cently invoked to explain the large orbital period derivatinea-
Me. For a NS mass of 2.2 M the companion star has a mass dfured in the accretion disc corona (ADC) source X1822-371 by
0.028 M, andg is close to 0.084, which is more than 90% of th8urderi et al. [(2010), laria et al. (2013), and laria etlaD1®R).
matter, yielded from the companion star, that leaves tharipin However, this mechanism cannot be applied in the case of XB
system. 1916-053 because type-l X-ray bursts are observed in the lig
In this scenario, we suggest that XB 1916-053 coultlirve of the source (see e.g. Fify. 2), whilst the stable hgrsets
be considered as a possible progenitor of the ultra-comparcat high accretion rate values that are comparable to the Ed
"Black Widow" pulsars with very low-mass companiongdington limit (see Bildsten 2000, and references ther&on-

Ly P,1430.191f%2 erg s,
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Table 5. Best-fit parameters of the delays assuming the presence of th Eqr 5 non-conservative mass transfer scenario. we discuss

third body in eccentric orbit and taking a quadratic tarm 5x 107 6 sinysoidal modulation obtained from the LQS ep,hemSFis a

§dFinto account. suming a NS mass of 2.2 M In this case we find thed, =
(3.9+0.5)x 10*?cm andmg ~ 0.055 M, for an inclination angle

Parameters Prpg=L17 100d Pyog=18600d Pmg=20100d °f /0"

a(s) 180+ 332 21+ 307 —27+285

b (x1073 g/d) 2+20 2+19 4+21 ;

A(S) 506 46 534+ 43 se2sa3 O conclusions

e 0.26+0.20 028+ 0.15 032+ 0.13  We have systematically analysed all the historically réguiX-

w (deg) 198+ 27 213+ 28 219+ 27 ray light curves of XB 1916-053, which span 37 years. We find
ts (d) —-3594+ 1129 -3036+ 1131 -2825+ 1042 thatthe previously suggested quadratic ephemeris fosthisce
x?(d.o.f.) 51.3(21) 47.9(21) 45,5(21) no longer fits the dip arrival times.

F-test prob. Hx107? 1.5x 1072 0.8x 1072 We studied the conservative mass transfer scenario of the

system, finding that the thermal bloating factor of the degate
Nore — The reported errors are at 68% confidence level. The F-tesimpanion star is 3.6 and 3 for a NS mass of 1.4 and 2.2iiv
probability is estimated with respect to thgvalue of the LS ephemeris this scenario, the predicted and observed luminosity argead-
(the fourth column of Tal.]4). ible (~5-7 x10%% erg s1), although the orbital period derivative
is a factor of 40 smaller than the value o4 x 10! s s ob-

sequently, the mass transfer rate cannot be super-Eddiagt tained fitting the delays with a quadratic plus a sinusoidatt
this mechanism cannot justify a non-conservative massfiean 100 (LQS ephemeris). If the conservative mass transferaue
scenario. The second mechanism supposes that the X-ray bif correct, we conclude that the modulation of the delaye-ass
system is a transient source and during the X-ray quiescefi&€d with the dip arrivals time are solely due to a sinuabid
it is ejecting the transferred matter from the inner Lagiang Modulation caused by a third body orbiting around the binary
point due to the radiation pressure of the magneto-dipate rosSystem. In this case we estimate the third body mass is 0d0an
tor emission. This mechanism, which we call radio ejectibn &:14 Mo for NS masses of 1.4 and 2.2J\respectively. The or-
ter[Burderi et al.[(2001), was proposed by Di Salvo ét al. gooPital period of the third body around XB 1916-053 is close$o 5
to explain the large orbital period derivative measuredAxs Y and the orbit shows an eccentricdy- 0.28 + 0.15.
11808.4-3658. However, this mechanism also fails to explai N @ non-conservative mass transfer scenario where the mass
results because XB 1916-053 is a persistent X-ray source. IS €jected away from the inner Lagrangian point, we find that t
Finally, we discuss the sinusoidal modulation observetién toPserved luminosity and the orbital period derivative otxd
LQS and LSe ephemerides. If we assume a conservative @81 the LQS ephemeris are possible only from a NS ma22
transfer scenario, the predicted orbital period derieaitivclose Me- In this case we obtain that the thermal bloating factor ef th
to 4x 10-2 s s independent of the NS mass. Then we addediggenerate companion starfis< 1.5, the companion star mass
quadratic term to the LSe ephemeris to take the predictesbvalS 0-028 M, and the fraction of matter yielded by the compan-

into account. We fitted again the delays using the relation 10N star and accreting onto the NSgis- 0.084. In this scenario,
5 the sinusoidal modulation of the delays can be explainedhby t
y(t) = a+ bt +ct® + Aps(t), presence of a third body orbiting around XB 1916-053 with an
where the ternt is fixed to 5x 107 §/d2. The fit parameters PE'i0d 0f 26 yr. We find that the third body mass is 0.055 M-
are reported in Tab] 5. We note that the addition of the qu'm:drapa"y’ if thﬁ noQ-Bcigsl%r\(/)ak_;[g/e mdasr? tralnsfer scenarlgllld,\ll(we_d
e " suggest that - and the ultra-compact black widow
term does not significantly change the best-fit parameters. System PSR J1719-1438 could be twdatient stages of the

An explanation of the sinusoidal modulation obtained fro . ; »
the LSe ephemeris could be the presence of a third body gra’iﬂ-me evolutive path discussed|by Benvenutolet al. (2018). If

tationally bound to the X-ray binary system. Assuming this-ex gstgj(j’lt?hlegnfzgsagg ngXB %316'053 is close to 5 Gyr, whilst
tence of a third body of maddls, the binary system XB 1916- ) 156.5 Lyrold.

053 orbits around the new centre of mass (CM) of the triple sys

tem. The distance of XB 1916-053 from the new CM is giveﬂcknowledgments

by ay = apinsini = A ¢, wherei is the inclination angle of the

orbit with respect to the line of sigh# is the amplitude of the This research has made use of datgansoftware provided by
sinusoidal function obtained from the ephemeris of&q. 8,can the High Energy Astrophysics Science Archive Research Cen-
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mod from the Fondo Finalizzato alla Ricerca (FFR) 212 project

whereMjs is the third body massdyi,in the binary system mass,N. 2012-ATE-0390, founded by the University of Palermo.sThi
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