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The black hole in NGC 1313 X-2
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The amount of data available for NGC 1313 X-2 make it a cotoassfor the study of ultraluminous X-ray sources
(ULXs). We modelled the optical and X-ray data of this ULX i binary evolution code that takes into account X-ray
irradiation. We restricted the candidate binary systemeeither a 50-1QW0, black hole (BH) accreting from a 12—
15Ms main sequence star or a2Q, BH with a 1215/, giant donor. If the orbital period of the system~& days, a
20M BH model becomes unlikely and we are left with the only pdfigiithat the compact accretor in NGC1313 X-2
is a massive BH of 50-10W, . We briefly discuss these results within the framework of lter@ative scenario for the
formation of ULXs, in which a portion of them may contain BHsz 30 — 40M formed from very massive stars in a
low metallicity environment.
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1 Introduction environments (e.g. Pakull et al. 2006, Ramsey €t al. 2006,
Liu et al.[2007) and have properties consistent with those
Several pieces of observational evidence strongly suggesétyoung, massive stars. NGC 1313 X-2 is one of the few
that a large fraction of ULXs are accreting black hole X-rayJLXs with a well identified optical counterpart. It is locate
binaries with massive donors (see, e.g., Zampieri & Roberts 6’ south to the nucleus in the barred spiral galaxy NGC
2009 and references therein). Their X-ray spectral propet313 at a distance of 3.7-4.27 Mpc (Tully 1988, Méndez et
ties, along with the long-term flux variability, are similaral.[2002, Rizzi et al. 2007). Its observed X-ray luminosity
to those observed in Galatic X-ray binaries although, in theries between a few 103° erg st and~ 10%° erg st in
last few yearsChandra andXMM-Newton observations re- the 0.3—10 keV band (Feng & Kaaret 2006, 2007). The large
vealed new behaviours, showing the existence of specteahount of data available make this source a cornerstone for
states with rather peculiar properties (e.g. Gladstoné. et the study of ULXs.
2009). At the same time, while most ULXs appear to show
little variations on timescales of seconds to hours (e.g. H . . .
et al.[2009), in some cases fast X-ray variability is ren% A bit of history: X-rays

iniscent of the behaviour observed in Galactic accretion-

o : C 1313 X-2 was discovered tginstein (Fabbiano &
powered sources (rms variability, broad band noise, qu#‘l.s o _ : . 2 )
periodic oscillations; e.g. Strohmayer & Mushotzky 2003 rinchier1387) and included in tiinstein Extended Medium

Strohmayer et al. 2007, Feng etlal. 2010, Heil & Vaugha) sifivity Survey as MS 0317.7-6647. Stocke et al. (1995)

2010). Probably, the most compelling evidence of the b originally proposed that i_t could be _ei_ther a Galgctic isq-
nary nature of ULXs is provided so far by the detection o E;eg Egggon star or a binary containing a massive BH in
a modulation in the X-ray light curve of M 82 X-1(62 ' . i i

days; Kaaret et al. 2006) and NGC 5408 X~1 {15 days: It was then repeteadly observed with other satellites, in-

Strohmayef 2010), that are interpreted as the orbital gerict!Uding ROSAT (1991-1998; Stocke et al. 1995, Colbert et
of these systems. al.[1995, Miller et all 1998, Schlegel et al. 200B)5CA

_— . p [0 i I [ » AlnN-
A number of ULXs are associated to stellar optical cour{—1993 1995; Petre et al. 1394, Malflshlma_et_al. 20009
: o . drf’;\ and XMM-Newton (2000-2006; Zampieri et gl. 2004,
terparts and some of them have been identified with starslg

. eng & Kaare( 2005 and references therein). The X-ray
al. 2002, 2 , . .
known spectral type (e.g. Liu et al. 2002.2004, Kaaret et aslpectrum of NGC 1313 X-2 can be modelled in different

4 i i . ) i . . - . .
2004, Mucciarelli et al 2005, Soria et Al 2005). The Cour\‘/vays and shows the typical features shared by other bright

terparts appear almost ubiquitously hosted in young He”ﬁLXs, such as the presence of a soft, thermal component
and a rollover of the spectrum abowe3 keV (e.g. Glad-
stone et al. 2009, Stobbart et al. 2006 and referencesterei
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The amount ofXMM-Newton spectra now available allow 4 Optical constraints

for a tentative identification of different spectral statese

Pintore & Zampieri, these Proceedings). In the following we use the X-ray luminosity and all the
available optical data on NGC 1313 X-2 to constrain the
properties of this ULX and its BH. This is probably one
of the most accurate analyses that is possible to perform at
present on a single ULX. We adopt tieand B band pho-
tometry of the counterpart as determined by Mucciarelli et
al.[2007. As the source is variable, we have further cordecte

. o .the magnitudes and colours by using the average vallie of
The optical counterpart of NGX 1313 X-2 was first |dent|—and by propagating the errors 8handB. The error in the

fied on an ESO 3.6 ni band image thanks to an accurat%bsolute magnitudes is taken to be equal to the maximum

Chandra astrometry and after registering the X-ray Imagencertainty in the different distance determinations of@NG

on the position of SN 1978K (Zampieri et &1 2004). ESQ 32 (Tully 1988, Méndez et al, 2002, Rizzi etal, 2007)
VLT images of the field showed that the counterpart was . ' . o - ’
g P Concerning the reddening, two different estimates of the

actually composed of two distinct objects (C1 and C2), se 5 dooted in the literatdiel — V) —
arated by~ 0.7” (Mucciarelli et al.[2005). Further refine- colo;:)gz('cec;ss_ were ? gg()% mnﬂ %' era f - L') N
ment in the astrometry and accurate modelling of the optica] (2007, Grise et al. ) anl(B — V) = 0.3 (Liu et

emission indicated that object C1 was the more likely coul®: 2007). In the following we ChO.SE(B N V). = 011
of we assumeE(B — V) = 0.3, it is not possible to ob-

terpart (Liu et all 2007, Mucciarelli et al. 2007, Patruno & . . .
Zampieri 2008). However, this was established beyond ag?n agreement between the binary evolution models and all

doubt by the detection of the 4686 He Il emission line in it e simultaneous constraints coming from observations. Fo

optical spectrum, a characteristic imprint of X-ray irradi Eh(B f_ V)_ :h 0.11 the i(écéptedélaggolu?’mmagmtuclie 'S
tion (Pakull et al. 2006, Grisé et al. 2008). therefore in the range -4.38 to -4.79 and fhe- V/ colour

is —0.13 £+ 0.06.

The stellar environment of NGC 1313 X-2 has also pro- Three different values of the metallicity inferred from
vided interesting constraints. There are two groups of goumn abundance analysis of the HIl regions in NGC 1313, all
stars spread out over 200 pc. Isochrone fitting of the sub-solar, are reported in the literatuté:= 0.1Z5 (Pi-
colour-magnitude diagram of these groups has been attdmytgin [2001),7 = 0.27; (Ryder[1993) andZ = 0.47
and provides cluster ages of-26 Myrs (Pakull et al. 2006, (Walsh & Roy[1997, Hadfield & Crowther 2007). There-
Ramsey et al. 2006, Liu et al. 2007, Grisé ef al. 2008). Alsre, although the metallicity in the environment of NGC
several other ULXs, NGC 1313 X-2 is also associated withE13 X-2 appears to be definitely sub-solar, the actual value
very extended~ 400 pc) optical emission nebula that givess still uncertain (see Ripamonti et al., these Proceedings
important information on the energetics and lifetime of theee also Pintore & Zampieri, these Proceedings, for an in-
system (Pakull & Mirioni 2002). Assuming that it is formeddependent metallicity estimate from X-ray spectra).
in an explosive event or that its mechanical energy comes Finally, we re-analyzed the optical photometry of NGC
from the ULX wind/jet activity, the characteristic energy1313 X-2 with the aim of clarifying the statistical signifi-
and age of the nebula turn out to bel0°2 — 10°® erg and  cance of the orbital periodicity identified by Liu et &l. ()0
~1 Myr, respectively (Pakull et al. 2006). Finally, severahs reported in Impiombato et al. (these Proceedings), the
different estimates of the mass and luminosity class of thelded B band light curve shows a 6 days periodicity with
optical counterpart of NGC 1313 X-2 were reported in tha significance slightly larger thaiw. This suggests that the
literature (see e.g. Patruno & Zampieri 2010 and referencgsriodicity may be there, but the low statistical significan
therein). of the B band modulation, along with the lack of detection

. . .. _intheV band, make its identification uncertain.
Recently, Liu et al.[(2009) found a possible periodicity

of 6.12+0.16 days in the B band light curve of the opti-

cal counterpart of NGC 1313 X-2, that was interpreted &8 Modeling the NGC 1313 X-2 binary system

the orbital period of the binary system. Three cycles were

detected in theB band, while no modulation was found inWe modelled NGC 1313 X-2 using the binary evolution
V. Previous studies carried out on the available HST ari@de described in Patruno & Zampielri (2008), that com-
VLT observations led to negative results (Grisé et al. 3008utes the evolution of the orbital parameters and the com-
More recently, lack of significant photometric variabilayp  panion star taking into account the contribution of the ac-
a new sequence of VLT observations has been reported ¢gtion disc and X-ray irradiation during the contact pisase
Grisét al. (2009). In principle, the detection of the cabit For this analysis, we developed a new version of the code,
period would definitely confirm the identification of the op-with a more accurate calculation of the optical colours (Pa-
tical counterpart and the binary nature of this system. Mottino & Zampier[ 2010).

importantly, it would open the way to perform a dynamical The evolution is computed using two different values
measurement of the BH mass. of the (zero age) metallicity, both sub-soléf: = 0.27

3 A bit of history: optical
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For the latter, typically the contact phase is too short when
2520 45 . ‘ ‘ compared to the characteristic age of the nebula Myrs),
which provides an estimate of the active phase of the ULX.
Therefore, from now on, we will focus dbase AB systems.

1 5.1 Evolution of a binary with a 20M, BH

My

Figurd1 shows the evolutionary tracks on the color-magieitu
(CM) diagram computed for binary systems with a BH of

20M¢ and donors of different masses. Considering the in-
trinsic variability of the counterpart, its position on tGM

‘ ‘ ‘ ‘ ‘ diagram may be broadly in agreement with — 20M,

-0.4 02 0 0.2 0.4 donors during H-shell burning. However, only stars in the
12 — 15M¢ have characteristic ages consistent with the es-

Fig.1 CM diagram for binaries with a 20, BH under- timated parent cluster age (15-25_Myrs). Donors this mas-
going case AB mass transfer. The black triangle marks th&lve, during H-shell burning, provide a mass transfer rate
position of the optical counterpart of NGC 1313 X-2. All thdargely above Eddington. In this case there is excess mass
tracks are plotted only during the contact phases. The lowd@t must be somewhat expelled from the system. Beam-
part of each track (up to the turn around) refers to the M9 and/or super-Eddington emission is necessary to explai
RLOF phase, whereas the upper part to the H-shell burniH?f observed ULX luminosity. We note also that the system

RLOF phase. The labels on each curve indicate that mas<6ftainly underwent a first contact phase during MS, during
the donor star (ifV/s). which it had time to energize the surrounding nebula.

5.2 Evolution of a binary with a 70M, BH

Figure[2 shows the evolutionary tracks on the CM diagram
for a systems with a BH of0M and donors of differ-
ent masses. The position of the optical counterpart is now
consistent with the tracks of stars on the MS, in the mass
range between 12 and 2f,. Again, the further constrain
inferred from the parent cluster age (15-25 Myrs) restricts
the allowed donor masses to the interal— 15M,. The
mass transfer of a 18, at this stage is typically between
2x 1077 and2 x 1076 M, yr~!, consistent with the accre-
tion rate (v 10~¢ M yr~1) inferred from the measured
r : : ‘ : : average luminosity of NGC 1313 X-2( 4 x 10*° erg

o4 02 ° o2 o s~!; Mucciarelli et al[ 2007). Similar results are obtained
for BHs with a mass between 50 and 100, .

My

Fig.2 Same as Figuid 1 for a 3@, BH (case AB).
5.3 Evolution of the orbital period

andZ = 0.5Z5. We found that the effects on the evolu-The evolution of the orbital periof is rather different for
tionary tracks and the stellar colours are minimal. Henc#he two systems. In order to have a first contact phase dur-
for reference, in the following we will consider only tracksing MS, the initial orbital separation is 1 day. For the
computed foZ = 0.5Z. 20M, BH binary, the orbital period at the end of MS~s4

If the donor starts a contact phase via Roche-lobe ngf_:lys. During the H-shell burning phase it increases rapidly
to 20 days. When the2 — 15M, donor tracks cross the

flow (RLOF), we assume that a standard accretion disc fortis'® ;
around the BH. The accretion rate is instantaneously takBRSItON of the counterp_arton the CM.d|agrafn,% § days.

to be equal to the mass-transfer rate from the companion. For the 7( BH _blnary, the orbital period at TAMS
When the accretion rafef exceeds the Eddington ratés i, reaches- 6 days and is between 5.5 and 6.5 days when the

we imposeM = Mgq and assume that the excess mass %/olutionary tracks of thé2 — 15M, donors are consistent
expelled from the system. In our simulations, all the biesri with the photometric properties of the optical counterpart

that start RLOF on the main sequence (MS) have also a sec-

ond episode of mass transfer after the terminal age main €- Discussion

guence (TAMS). Following Patruno & Zampielri (2010), we

term such binary models &ase AB, while those starting According to the actual value of the orbital period of the-sys
the first contact phase after the TAMS are tern@ade B. tem and considering the constraints from the inferred mass
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transfer rate, the position on the CM diagram, the charactemnents. AP acknowledges support from the Netherlands Qrgani
istic ages of the parent stellar cluster and the bubble aebuion for Scientific Research (NWO) Veni Fellowship.
the following scenarios are possible:

— P < 4 days: mass transfer from-a 15Mg MS donor References
onto a~ 20M¢ BH, if all the mass is accreted onto the .
BH and super-Eddington emission is allowed. Belczynski, K., etal. : 2009, ApJ 714, 1217

_p_r_ . _ Colbert, E. J. M., etal.: 1995, ApJ 446, 177
P =5 — 7 days: mass transfer of a MS donorldf Fabbiano, G., Trinchieri, G.: 1987, ApJ 315, 46

15M¢ onto a50 — 100Me BH. . Feng, H., Kaaret, P.: 2005, ApJ 633, 1052
— P 2 8 — 10 days: mass transfer of a H-shell burning-eng H., Kaaret, P.: 2006, ApJ 650, 75

donor of 12 — 15M, onto a~ 20M¢ BH. If P ~ 12 Feng, H., Rao, F., Kaaret, P.: 2010, ApJ 710, L137

days, the photometry is consistent with the possition dfryer, C. L.: 1999, ApJ 522, 413

the counterpart only for donors ef 20M,, too young Gladstone, J. C., Roberts, T. P., Done, C.: 2009, MNRAS 397,
with respect to the age of the parent cluster. 1836

— P 2 15 — 20 days: mass transfer of a H-shell burnCrisé F., etal.- 2008 , A&A 486, 151
ing donor of~ 15M,, onto a~ 20M,, BH, only if X- Hadfield, L. J., Crowther, P. A.: 2007, MNRAS 381, 418

. L . .. Heger, A., etal.: 2003, ApJ 591, 288
ray irradiation is switched off (because, e.g., emission |gg | M., Vaughan, S.. 2010, MNRAS, in press

beamed and not able to hit the disc and donor surfaces). (arxiv:1003.5825)

If we use the tentative identification of the 6 days Heil, L. M., Vaughan, S., Roberts, T. P.: 2009, MNRAS 397,106
orbital period originally reported by Liu et al (2009) as g<@aret, P., Ward, M. J., Zezas, A.: 2004, MNRAS 351, L83
ft_thher constrgint, the observationalldata appear to be cgﬁfff’é‘ééﬂ?’ JMNGSI(;i';ngP :Cébgg?i})fggg?ig’lll’ 491
sistent only vs_/lt_h_ the second scenario and we are left witF u, J. etal.: 2004, ApJ 602, 249
the only possibility that the compact accretor in NGC 1318jy, J. et al.: 2007, ApJ 661, 165
X-2 is a massive black hole 6f) — 100M,. Liu, J. et al.: 2009, ApJL 690, L39

Such a system would fit well within a massive BH sceMakishima, K., et al.: 2000, ApJ 535, 632
nario for ULXs forming in a low-metallicity natal environ- Mapelli, M., Colpi, M., Zampieri, L.: 2009, MNRAS 395, L71
ment (Mapelli et al. 2009, Zampieri & Roberts 2009, MapelM‘?pg”“ NIIBI’ ettall.:'zz%l(g '\4'3‘?2'6‘48'2'23‘)@55 (arxiv1005.3548)
et.al..2010; Mapelli et.a!., these Progeedings). Albeit uncqwﬁlgrleéj' e't’ :I.:a1'§98, A:J 116, 1657
tain, in fact, the metallicity of the environmentof NGC 1313cciarelli, P. et al.: 2005 , ApJL 633, L101
X-2 is definitely sub-solar. As mass loss becomes less efffucciarelli, P. et al.: 2007, ApJ 658, 999
cient in such environments, alreadyat< 0.2 — 0.3Z5  Pakull, M. W., Mirioni, L.: 2002, preprin{ (astro-ph/02023)
massive stars may retain a significant fraction of their effakull, M.W. et al.: 2006, IAU Symp. 230, 293
velopes at the end of their life (see e.g. Zampieri & Roberfgtruno, A., Zampieri, L.: 2008, MNRAS 386, 543
2009 and references therein). If the envelope is more m e—ggng Ae"t ila_rr'l‘;'SZ’ ;;égi% '\ﬂ\llF;AS 403, 1.69
sive tha}nN 30 — 40Me, a low metallicity star may col- Pilyuéin ey 2001, AGA 360, 594
lapse directly to form a BH (Heger et al. 2003, Belczynskiamsey, C.J. et al.: 2006, ApJ 641, 241
et al.[2009). This occurs because, after core collapse, thezi, L., et al.: 2007, ApJ 661, 815
supernova shock wave loses too much energy in trying Ryder, S. D.: 1993, Ph.D. Thesis
unbind the envelope until it stalls and most of the star coBchlegel, E. M., etal.: 2000, AJ 120, 2373
lapses into a BH of mass comparable to the star final ma3ga R., etal.: 2005, MNRAS 356, 12

. - Stobbart A.-M., Roberts T. P., Wilms J.: 2006, MNRAS 368, 397
> _ . ( ’ ’ ’ ,
(R 30 — 40M; Fryer[1999, Zampieli 2002). With theseStocke, 3.T. etal.: 1995, AJ 109, 1199

massive B!—|s only_ve_ry modest beaming or slight ViOIatiO”§trohmayer, T. E. Mushotzky, R. F.: 2003, ApJ 586, L61
of the Eddington limit (a factor of a few) are needed to aGstrohmayer, T. E., et al.: 2007, ApJ 660, 580
count for the luminosity of bright¥ 10° erg s™') ULXs.  Strohmayer, T. E.: 2010, ApJL, in press (arXiv:0911.1339)

As noted above, however, the identification of the orfully, R. B.: 1988, Nearby Galaxies Catalog. Cambridge Univ
bital period of NGC 1313 X-2 remains uncertain. Further- Press, Cambridge
more, we did not perform a complete survey of the pararifERL L T Db T O M i R, Francavigia e
eter space evolvingase AB systems Wl.th BH masses be- P., eds, 14th SIGRAV Conference on General Relativity and
tween 20 and 50/,. For BH masses in this range there

. . . Gravitational Physics. Springer, Milan, 301
may also be agreement with observations with other valuggmpieri L. etal.: 2004, ApJ 603, 523

of P. Finally, modelling the amplitude and shape of the lightampieri, L., Roberts, T. P.: 2009, MNRAS 400, 677
curve (considering X-ray irradiation and ellipsoidal medu

lations) may give additional constraints. A systematic in-

vestigation of this type is postponed to when a more robust

assessment of the orbital period will be available.
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