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ABSTRACT

From a deep multi-epocB@handracobservation of the elliptical galaxy NGC 3379 we report tpedral
properties of eight luminous LMXBd > 1.2 x 10°%rg s'). We also present a set of spectral simulations,
produced to aid the interpretation of low-count single-poment spectral modeling. These simulations demon-
strate that it is possible to infer the spectral states oh)dinaries from these simple models and thereby
constrain the properties of the source.

Of the eight LMXBs studied, three reside within globularstkrs, and one is a confirmed field source. Due
to the nature of the luminosity cut all sources are eithetnoaistar binaries emitting at or above the Eddington
luminosity or black hole binaries. The spectra from thesgersss are well described by single-component
models, with parameters consistent with Galactic LMXB abatons, where hard-state sources have a range
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in photon index of 1.51.9 and thermally dominant sources have inner disc tempembetween- 0.7-1.55
keV.

The large variability observed in the brightest globularstér sourcel(x > 4 x 10%erg s?) suggests the
presence of a black hole binary. At its most luminous thiseeis observed in a thermally dominant state
with kTi,=1.5 keV, consistent with a black hole mass~fMg. This observation provides further evidence
that globular clusters are able to retain such massive ibsakVe also observed a source transitioning from
a bright statel(x~ 1 x 10°%rg s1), with prominent thermal and non-thermal components, &sa luminous
hard statel(x=3.8x 10%erg s, I =1.85). In its high flux emission this source exhibits a cdise component
of ~0.14 keV, similar to spectra observed in some ultraluminduay sources. Such a similarity indicates a
possible link between ‘normal’ stellar mass black holesliriggn accretion state and ULXs.

Subject headinggalaxies: individual (NGC 3379) — X-rays: galaxies — X-réynaries

1. INTRODUCTION cqnfirmed ULX (S70; Fabbianq et al. 2006), both of which
The discovery withChandraof several low-mass X-ray will be the subject of forthcoming papers. We also exclude

binary (LMXB) populations in early-type galaxies, and the confused sources in the central region (S75 & S82), where

associations of these LMXBs with either Globular Clusters reII|ab_Ie spfectrlal (Txtrqcuor} cgnhnot be carnecgif Orl]“' This :_e
: - : ts in a final selection of eight sources. Of these, six lie

(GCs) or the stellar field, have provided new impetus to the SU''S i : ’

study of the formation and evolution of LMXBs in GCs and Within the HSTWFPC2 field of view of NGC 3379, allow-

to the possible relation of field LMXBs to the GC population ing firm constraints to be placed on their optical countegpar
(GrindFay & Hertz 1985; Verbunt & van den Hel?vepl 1995; (see BO8). Three of these sources (S41, S42 & S67 of BO8)

see Fabbiano 2006 and refs. therein). Given the characteris@' identified with GCs and one has been confirmed as a field
tics of these data, most of this work has been based on pop-MXB (S86). The other two sources are found within the
ulation studies (e.g., Kim et al. 2006: Kundu et al. 2007; "€gion of confusion from thélST observation (S74 & S77)

Sivakoff et al 2007; Voss & Gilfanov 2007). However, in the and are therefore unclassified. The two remaining sources
few cases of detection of luminous sources in deep enougH'® external to the optical FOV (S102 & S103) and are there-

i 15, <1 —2
observations, detailed spectral and variability stud@s se  '0'€ also unclassified. At a flux of 8:4.0" °erg s - cm
pursued, to provide more direct constraints on the nature of(Which givesLy=1.2x 10 erg s at D=10.6 Mpc), from the

the X-ray sources. One such example is the recent discovery~aMP+CDF logN—-logSrelation of Kim et al. (2007),
of a variable luminous GC source in NGC 4472, with tempo- €SS than 1 source is expected to be a background AGN over

. . b
ral and spectral characteristics supporting a stellar Btatyi 1€ area encompassing the eight sources.Lkhe1.2 x 10°
(Maccarone et al 2007; Shih et al 2008). erg S+ luminosity cut ensures that the selected sources have

In this paper we report the results of the spectral analysis o & rgigliorgum of~400 clounts from (;he_ dco-ladbded ob_servaﬁion
eight luminous sources 4> 1.2 x 10%erg % in the 0.38.0 @ counts in at least one individual observation, allow

keV band), detected in the nearby elliptical galaxy NGC 3379 ing meaningful spectral analysis to be carried out. By reatur
(in the poor group Leo, D=10.6 Mpc, Tonry et al. 26p1 of the selection criteria these sources are either NS lgisari
with ChandraACIS-S (Weisskopf et al 2000). These sources eMitting near or above the Eddington luminosity, or arelolac
were observed at five different epochs, as part of a mongorin N0'e blnarr:es. b . ; h q
campaign wittChandra(PI: Fabbiano) providing the rare op- . F70m the observations of NGC 3379 the parameters de-
portunity of long-term spectral monitoring of LMXBs in an  "vedin BO8 indicate that BH-LMXBs are presentin the X-ray
elliptical galaxy. These sources are part of the sample 8f 13 Source population of this galaxy, both in the field and in GCs.

sources detected in NGC 3379 from these observations WithE.""L.'\/lx.Bs in the field are a well-gstablisheq class of X-ray
luminosities greater than a few ¥cerg s! (Brassington et inaries in the Galaxy (see the review of Remillard & McClin-
al. 2008~ hereafter B0S). tock 2006; from hereon in RM06). Although BH-LMXBs are

In sectior 2 we describe the observations and the propertie€°t Iexgggtgd to be common ?r Iz%mguf)us in GCs ((jKange_ra
of the sources under study from the B08 catalog. In sectioneg ah. p 4, see IV?E?_"’a ch"’_" GCl Or: a recent discussion
B3 we describe our spectral analysis and report the resuits. | ©f the formation of BHs within GCs), there is recent con-

section % we present spectral simulations that we have per_\/incing evidence of at least two such luminous sources. The

formed to aid in the interpretation of our results and inigect {1t Source, a ULX detected within the elliptical Virgo geja

we discuss the spectral analysis and compare the results t/CGC 4472, exhibits strong X-ray variability (Maccarone et
our simulations. Our conclusions are summarized in section@- 2007, Shih etal. 2008) providing unambiguous evidence

5 for a BH-GC. Subsequent optical spectroscopy of the GC has
' revealed very broad [@1] emission lines, leading to the sug-
2. SOURCE SELECTION gestion that this source is a stellar mass black hole angret
From the catalog of BO8 we have selected a sub-set of the2Pove or near the Eddington limit (Zepf et al. 2008). The
brightest sourced > 1.2 x 10%8 erg s') within the Dys el- second source, a ULX in NGC 1399 (Irwin et al. 2010), also

lipse of the galaxy to perform detailed spectral and temipora exhibits strong [Q11] emission lines (although these are less
analysis. This luminosity cut results in the selection of 12 broad than the NGC 4472 source) and has little or no hydro-

sources, we further exclude the nuclear source (S81) and thﬁe” emission. This source could also be a stellar mass black
ole accreting at or near the Eddington limit, although frwi
Electronic addres$: nbrassington@head.cfa.harvard.edu et al. (2010) suggest that tidal disruption of a white dwarf
! Note that Jensen et al. (2003) report a distance of 9.82 Mpmw-H  from an intermediate-mass black hole (IMBH: H@* M)
ever, the distance of Tonry et al. (2001) is adopted herednsistency with could explain the optical emission of this GC. From this in-

Brassington et al. (2008). This choice does not affect onclkrsions in an : o .
way. 9 (2008) Y terpretation a minimum black hole mass of 100, i& im-
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plied. If sources S41, S42 & S67 are luminous BH binaries, The data were processed and calibrated as described in BO8.
the estimated a-posterior probability of a BH-GC assommti  Analysis was performed with the CXC CIAO software suite
is ~4%, given that 70 GCs are found in NGC 3379 within (v3.4)® with CALDB version 3.5 and HEASOFT (v5.3.1).
the joint Chandra/Hubble field of view (see B0O8 and refs. Spectra were extracted for every pointing for each of thhteig
therein). Given that only 10 GCs are associated with X-ray sources, using the CIAO topkextractwhere source regions
sources in NGC 3379 (fdrx > a few 16 erg s?; B08 and were defined to be circular regions with radii as in B08; back-
Kim etal. 2009), these luminous BH-LMXBs may constitute ground counts were extracted from surrounding annuli, with
a significant fraction of the GC-LMXB population. outer radii 2-3 times larger, depending on the presence of

The eight sources presented here are shown in F[gure lnearby sources. In cases where the source region was found
where an adaptively smoothed 680 keV X-ray image is  to overlap with a nearby sources, the extractions region ra-
presented, with the source regions andHisT FOV overlaid. dius was reduced and the area of the overlapping source was
In Table[d the log of the&Chandraobservations is reported, excluded. The minimum defined extraction radius wa$ 1.5
along with the background-subtracted net source counts inon-axis, and 3 off-axis (maximum off-axis angle-1.5), en-
the 0.3-8.0 keV band, for each source in each observation suring that the source regions enclos€#B% of the encircled
(as reported in B08). In this table the optical correlations energy in all cases.
are also identified, where GC indicates a confirmed globular The source spectra were fitted in XSPEC (v11.3), where
cluster counterpart, F a field sources and - indicates ssurcethe data were restricted to 6:8.0 keV, as energies below this
with insufficient optical data to confirm a counterpart (@da  have calibration uncertainties, and the spectra presdred
thereof). do not have significant source flux above 8.0 keV, where the

Figure[2 (adapted from B08) shows the light curves of the data are highly contaminated by cosmic rays. The spectra
eight sources from th€handraobservations with panels in-  were fitted to two models that describe the properties of X-
dicating X-ray luminosity, the hardness ratio (HR) and colo ray binary spectra well (see e.g. review by RM06): the multi-
values of the source in each observation. In the top panelcolor disc blackbody (DISKBB in XSPEC; hereon in referred
Lx indicates the X-ray luminosity in the 0-8.0 keV band, to as DBB), and the power law (PO) models, along with the
for an assumed power law spectrum with1.7 and Galactic ~ wabsphotoelectric absorption model All parameters were
line-of-sigh?, where the horizontal dashed line indicates the allowed to vary freely, with the exception of the absorption
Ly derived from the co-added observation. Because the same&olumnNy, which in cases where the best-fit value was be-
canonical model has been applied to each source this valudow that of the Galactic absorption, was frozen to the Gatact
represents a scaling of the extracted source count-ratgewh value of 2.7810?%m™. In instances where there were suffi-
both the spatial and the temporal quantum efficiency varia- cient counts to bin the data to at least 20 counts per binyallo
tions have been accounted for by generating an energy conveling Gaussian error approximation to be used), the minimum
sion factor for each sources in each observation (see §2.1 iny> method was used to fit the data. Where there were too
BO8 for more details). In the second panel, the HR variation few counts, the Cash statistic (Cash 1979) was used in prefer
is shown where HR=(Hc-Sc)/(Hc+Sc), with Sc and Hc net ence toy?, where the spectra were extracted without binning.
counts in the 0.5-2.0 keV and 2.0-8.0 keV bands respectively However, this statistical method has the disadvantageitthat
In the third and fourth panels the X-ray colors C21 and C32 does not provide a goodness-of-fit measure jike
are presented, these colors are defined as C21 =S Spectra for each source were first fitted separately for each
and C32 = log(gH), where 3, S; and H are the net counts pointing. These individual best-fit models, alongside lthe
respectively in the energy bands of 6039 keV, 0.9-2.5 keV and HR behavior shown in Figuré 2, were then used to guide
and 2.5-8.0 keV. As can be seen from these figures, the eightthe joint fits for each source. In Tallé 3 these co-added fits
sources are persistent, in that they were detected with@emp are summarized, where column (1) gives the source number,
rable luminosity over a five year span, although the majority column (2) the observations used in each fit, column (3) the
exhibits some variability in luminosity and/or spectrabpr net source counts, column (4) indicates which spectral inode
erties. was used, column (5) the fit statistig?(and number of de-

In Table2 the long- and short-term variability of the sosrce grees of freedon, or the C statistics - indicated 1), col-
are summarized, where the short-term variability is defined umn (6) the null hypothesis probability (or goodness when
for each pointing, by means of the Kolmogorov-Smirnov using the Cash statistic). Columns (7), (8) & (9) present the
test (K-S test). Here V indicates variable sources (with val best-fit values of the fit parameters with &rrors for 1 inter-
ues>99% confidence), P indicates possible variable sourcesesting parametef\y (2.8Fr denotes that the value was frozen
(with variability values>90% confidence) and the - indicates at Galactic column density); for the PO model ankT;,, the
non-variable sources. The long-term variability from alkfi ~ temperature of the innermost stable orbit of an accretiso, di
observations was defined by the chi-squared test where V infor the DBB. Column (10) indicates the intrinsic valuelgf
dicates variability, and N indicates a non-variable soutoe  (calculated as a weighted average of the individual luniinos
the last columnSignpresents the significance in change in ties from the joint fit) and column (11) the source luminosity
luminosity between the highest and lowest flux observations range. This range was taken from thelower-bound value

All of these classification are fully described in BO8, 82l. of the lowest flux observation included in the joint spectral
the sources, with the exception of S67, have been determinedit, to the (o) upper-bound value of the highest flux obser-
to exhibit long-term variability. vation included in the joint fit. When only one spectrum was

modeled, the range indicates the lower- and upper-baynd
values from that single observation.
3. SPECTRAL ANALYSIS AND RESULTS
3 http://asc.harvard.edu/ciao

4 Given the statistics of our data and the ACIS resolution, afsether

2 Ny=2.78x 10?%m 2 calculated with the tool COLDEN: absorption models does not affect our results and concisgiee [§413).
http://cxc.harvard.edu/toolkit/colden.jsp
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3.1. Globular Cluster Sources detected outside of thdSTFOV. Of these sources, two (S77

Of the sub-sample of sources presented in this paper, thre& S103) have been determined to have no spectral varigbility
have been determined to be GC-LMXBs. Through inspec- despite both of them being being classified as having flux vari

tion of theirLx, HR and color values presented in Figlite 2, ability. Consequently all five observations were fitted flyin
and the individual spectral fits of each source, two LMxBs or each source, following the methods describedinl§3.1 for

; it [ S41 & S67.
(S41 & S67) have been determined to exhibit little flux and .
no spectral variability, whilst the remaining source (SHa$ Of the two remaining LMXBs (S74 & S102), both have

been found to exhibit spectral changes between each observ€€n determined to have variability and require separate sp
tion, with a variance in flux significance o6 In the case of ~ U@l modeling. S74 exhibits stable long-term flux and spec-
the non-varying LMXBs, the five spectra for each source were {ra over the first four observations but in observation five a
jointly fitted in XSPEC, where all parameters, apart from the four-fold increase in flux (with a significance in flux change
normalizations, were linked. For both sources the DBB and ©f 160) and a softening in HR is observed. The joint fits

PO models were fitted to the spectra, these best-fits are sumlave therefore been separated into obs 1,2,3&4, and obser-

marized in Tabl€]3. In cases where the DBB model was sta-vation 5, to reflect these variations. When modeling the-spec
tistically rejected th.e PO model only is presented. trum from observation 5 it was found that there was a drop

For the variable source, S42, the most luminous GC-LMxB N count-rate in the binned data atl.15 keV and from ad-
in our sample, the individual fits arid and HR values from  ditional analysis it was determined that this feature wis st
BO8 indicate that the source has been observed in three-diffe Présentin the unbinned data. To further investigate thigi-a
ent spectral states. The spectra have therefore been groupdional components were included in the spectral model in an
to reflect these differences. The first grouping containsspe attémpt to describe this feature. However, no physical mod-
tra with lowerLy and soft HR value (obs 1 &3), the second, els descnbeq the.data well. Bapkground subtracnpn, etige e
spectra with highety and hard HR value (obs 2&4) and the fects and calibration uncertainties were also considesezha
remaining spectrum indicates an intermediate state (obs 5)€XPlanation of the low energy bin but after further investig
Both the DBB and PO models were applied to these threelion all were rejected. After ruling these possibilitied,abe
joint fits and are summarized in TaBle 3. The 90% confidence™MOSt likely remaining explanation of this ‘feature’ is thieis
contours for two interesting parameters are presentedgin Fi & consequence of statistics, and not a physical featureeof th

ure[3 where the left-hand panel shows the PO model in theSource. The PO and DBB models were fi'gted to the whole of
three spectral groups and right-hand panel the DBB fits. In the 0.3-8.0 keV spectrum and these best-fit model parameters

both panels Galactii; is indicated by the vertical solid line. g;elplrelsgmkee‘?/"\}vzzgc?ﬁdlg ;ﬁ?iﬁgfg}gﬁ&%ﬁ%ﬁ?& rtf;rége
3.2. The Field Source low-count bin. From this it was shown that the best-fit values
e ) are consistent with those from the full spectrum fit, althoug
Only one source presented in this paper has been confirmeghe goodness-of-fit values are greatly improved by exclydin
as afield-LMXB, S86. It has been determined that this sourceihs energy range (PQ?/v from 1.69 to 1.30; DBB2/v from
not only exhibits long-term variable behavior in both itsdlu 1 62t 1.26). Some short-term (possible) variability wias a
and spectra, but that it also displays short-term flux vélitab  opserved in observation 1 of S74, although there are too few
(defined as a possible variable source with the K-S testeTabl ¢oynts in this pointing to be able to further investigate thi
[2) during the second pointing. This short-term variabitigs Through inspection of not only the long-term light-curve
been further investigated through examining the lightveur  5nq HR values of S102 (Figuré 2) but also its individual fits,
of the source during observation 2, which was created with there is a suggestion of a gradual and continual change in flux
the CIAO tooldmextract To provide well constrained val- pjtially this is an increase in flux from the archival obsarv
ues of count-rate, allowing variability to be identifiedabing  tjon to the more recent pointings, followed by a steady de-
of 10000 s was used when extracting counts. This resultingcline, which is coupled with a suggestion of hardening in HR
light-curve is shown in Figuriel 4, where it can be seen that theygyes. Therefore the joint fits were divided into three gsu
count-rate drops from-0.008 cnt §' to ~0.006 cnt §' part-  Opservation 1, the softest HR value, observations 283, high
way through the observation. Spectra were extracted from| and observations 4&5, lowdry. As with the previous

these two different count-rate epochs, to identify if a @®@n  goyrces, single-component PO and DBB models were applied
in spectral shape accompanied this change in flux, howeveriq the spectra.

the two spectra were identical. . highest, the best-fit values from the PO model did not provide
_ Once it had been determined that the short-term variabil-ppysically realistic parameters where the best-fit valukpf

ity of S86 did not correspond to any spectral variation, the a5 significantly below Galactibly, therefore a composite
Ion_g-term spec_:tra_l yarlablllty was .mvestlgated. Onceidga ppB+PO model was applied to the data.

guided by the individual spectral fits and the X-ray luminos- — The pest-fit spectra of these four sources are all summa-
ity and HR values, the spectra were separated into two groupsyized in Tabld B and the confidence contours of S74 are pre-
alowLx hard HR state (1,3&5) and a hidlx softer HR state  gented in FigurEl6. The confidence contours from the single-
(2&4). These best-fit values are summarized in Table 3 andcomponent PO model of the three spectral groupings from

their confidence contours are presented in Figure 5. S102 are presented Figure 7 and the contours from the two-
. component model of observations 2 & 3 are shown in Figure
3.3. Unclassified Sources ]

The remaining four sources in this paper have insufficient
optical data to confirm them as field or GC sources, either 4. SIMULATIONS OF LMXB SPECTRA
residing with the central’50f the galaxy, where source con- From studies of Galactic binaries it has been observed that
fusion means GC sources cannot be easily identified, or arghe energy spectra of LMXBs often exhibit a composite shape
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of both thermal and non-thermal emission components. Insive nature of these simulations. A value of 2.5 was selected
these sources the thermal component is well modeled by thdor I" based on typical LMXB photon index values of sources
multicolor disc blackbody model, which originates in the in in a thermally dominant state. A photon index of 1.7 was
ner accretion disc, and the non-thermal component is well de selected based on the results from the lower flux ratio simu-
scribed by a power law component. This composite emissionlations, where this input parameter was found to provide me-
provides a wide range in X-ray properties that can be clas-dian values oy, I andkT;, for the single component best-fit
sified into five distinct spectral states. In RMO06 these state parameters over the full photon index range.

are defined to be; the quiescent state, a non-thermal haed sta To replicate the quality of data that has been presented in
with very low emission I(x 10°05-10%35 erg s?), the hard  this paper, the generated models were scaled to produce spec
state (denoted hereon in as NT; non-thermal state, to avoidra of 1000 counts, with subsequent runs also covering a sub-
confusion with the high/soft state classification that ceoa  set of 500 and 250 count data. After a spectrum was generated
be used to describe LMXB spectral states), where the non-n Sherpa, using thtakeif command, single-component PO
thermal component dominates the spects&8@%¢) and the and DBB models were fitted and the best-fit values recorded.
spectral index is in the range k3" < 2.1, and the thermally ~ Following this, the original two-component model was fitted
dominant state (TD), where the thermal emission arisingifro  to the data to ascertain how reliably the low-count spectrum
the disc contributes to more than 75% of the flux. In the TD could recover the input parameters. For each set of parame-
state the disc temperature is typically in the range of 0.5 ters 100 spectra were generated, providing a measure of the
keV and the faint power law component is ste&€p>2.1). standard deviation of the best-fit values.

Sources have also been observed in the steep power law (SPL)
state, where the sources are much brighter(0.2L g4q) With - )
a significant flux contribution arising from the non-thermal 4.1.1. Single PO Fits

component with steeper slope 2.4, compared te-1.7in |5 Figure[® a summary of the results of fitting the single-
the har_d state. The final spectral class encompasses emissiGomponent PO model is presented. In the left-hand panel
not defined by the other states, where spectra appear to shoye pest-fit value of\y for each of the parameter models is
sources between states, this is termed the intermedidée sta shown and in the right-hand panel the differentg between
It should be noted that this definition does not represent-a si input and best-fit photon index is presented. In both panels
gle state but indicates that the source emission cannot-be dehe pest-fit values are plotted against increasing thermnal fl
scribed by any of the four previous source classes. ratios, with the solid diagonal lines indicating the best4il-
From Chandraand XMM-Newtonobservations of extra-  yes forI'=1.7, for each temperature step of the disc compo-
galactic LMXBs there are typically too few counts to apply nent (a sub-set of temperatures are shown for clarity in the
composite models to each spectrum, therefore single compofigyre). The shaded regions indicate the maximum and min-
nent models that provide an approximation of the spectrd musjmum ‘value ofNy over the full photon index range for each
be applied to the data. To understand how well these singlexemperature step (where only photon index values of 1.7 & 2.5
component models describe the X-ray emission of LMXBs, have been simulated for flux ratio values of 90% and 100%).
simulations have been performed with Sherpa (v3.4), using|n the left-hand panel the horizontal dashed line indicttes
Chandraresponse files. In these simulations spectra haveyg|ye of Galactid\y for NGC 3379. The standard deviation

been produced from two-component models comprising bothfoy the 1000 count spectra for the 75% and 25% flux ratios
aMCD (XSDISKBB in Sherpa; the XSPEC DBB model used gre indicated by the error bar in the top left corner of the

4.1. Single Component Spectra

in sectior{ 8) and a PO component, along with gifiabspho- plot, where the smaller error bar indicates the 25% flux ra-
toelet_:trlc abs_orptlon model which has a value of Galactic ab tjg standard deviationo=1.82x 10?%m) and the larger er-
sorption. This model covers the 680 keV Chandraen- ror bar the standard deviation from the 75% flux ratio model

ergy range. These generated spectra have then been fitted {g,=3.30x 10?%cm2).

single-component models to characterize the typical filest- ~ From these figures it is clear that as the spectra become
values that are recovered. To broadly cover physical proper more disc-dominated the best-fit values from the single com-
ties that have been observed in the spectra of Galactic LMXBsponent PO model increasingly diverge from the input param-
(RMO6) simulations were run over a large parameter spaceeters of the two-component model. Importantly, for all \esu
where the inner disc temperature of the DBB model ranged of kT, andr", best-fit values oKl are above Galactic (except-
from 0.50 keV to 2.25 keV in steps of 0.25 keV and input  jng the spectra generated from the extreme models with input
slopes increased in steps of 0.2, from 1.5 to 2.5. Further;to parameter§=2.3-2.5 anckT,>1.50 keV) and even up te8
vestigate how the composite spectral shape of sourcesdn har times that of Galactic when the spectra are in a thermally-
thermally dominant and steep power law states were repreqjominant state (i.e. the disc fraction contributes more tha
sented by single-component fits, different flux ratios of 75% 7504 of the total flux). In fact, assuming a typical disc temper
,60%, 50%, 40%, 25%, 10% and 0% were also included in theatyre of 1 keV, even with a disc contribution of only 40% the
simulations, where the percentage indicates the flux dmntri recovered\,y from the single-component PO fit is3 times

tion from the thermal component. This was also expandedgalacticNy (a value significantly above the Galactic value
to include a sub-set of parameters at 90% and 100%, whergwyen after considering the standard deviation). Furtimeyc
spectra withl" fixed at 1.7 and 2.5 were produced for the full prisingly, the difference between the input and best-fittpho
disc temperature range. It was necessary to produce only gndex (JAT|) increases as the ratio of disc flux to total flux
sub-set of these flux ratio values due to the computer inten-increases, indicating that, as the non-thermal comporent b

5 Where the full-band fluxis20 keV fromRXTESpect the 0-B.0 comes less prominent within the composite fit, the religbili
ere tnhe tull-ban uxis evirom pectra, not the Um. H : _
keV band that has been used in the rest of this paper. Althalgfimitions of the I' recovered from the Smgle component model is re

from RMO06 do provide a fairly accurate interpretation of cpal states ob- duced.
served in theChandrabandpass.
6 http://asc.harvard.edu/sherpa3.4/threads/fakeit/
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A sub-set of these simulations were also generated for spec- 4.1.4. Ny as a Discriminant
tra with 500 and 250 counts, where flux ratios models of
100%, 90%, 75%, 60%, 50%, 25% and 0%, were produced
with an inner disc temperature of 1 keV and photon index
of 1.7. In addition, for the higher flux ratio values60%,
models with['=2.5 were also used as input parameters for the
simulations to represent thermally dominant states. Tise be
fit values ofNy with lower count spectra are compared with
the full 2000 count simulations in Figurel10, where the 1000
count spectral results are presented in an identical maaner
the left-hand panel Figulg 9. The bestiMit values of the
500 and 250 count spectra are indicated by the blue and gree
lines respectively, with the shading indicating the bestéi-
ues from thd'=2.5 simulations. As in Figuid 9, the standard
deviation of the 75% and 25% flux ratios are indicated by the
color-coded error bars in the top left corner of the plot.r&ro
this figure it is clear that, despite the larger standardalevi
tions in the lower-count models, the best-fit valuedgfare
almost identical to those obtained with the 1000 count data.
Even in the case of 250 counts, when a LMXB is in a 'typi-
cal’' thermal-dominant state (i.&Ti,=1 keV,I'=2.5 and disc
flux >75%) the best-fit value ofly is still more than three
times that of Galactic absorption.

These simulations provide a robust framework in which
low-count single-component spectra can be used to infer
properties of LMXBs and their spectral state. From these
spectra it has been demonstrated that, whilst PO or DBB mod-
els are not capable of accurately constraining the spqural
rameters of X-ray binaries when both a strong thermal and
non-thermal component are present in the spectrum, they can
provide important information that can be used to aid the in-
terpretation of the source’s spectral state. From the aing|
component PO model thdy parameter is a strong indicator
Bf the flux ratio between the two spectral components, where
an elevated value of intrinsic absorption is indicative loé t
source containing a significant disc component (of at least
25% flux for lower inner disc temperatures). In fact, thigthe
mal to non-thermal contribution can be further constraimgd
determining thé\y absorption value from the DBB fit, where
only sources in a thermally-dominant state provide valbas t
are consistent with Galactidy. Further, these simulations
have also determined the reliability of the photon index or
kTin values recovered from the single-component models for
these composite sources. In the case of the PO model, when
the source is in a hard state, indicated by a value consistent
4.1.2. Single DBB Fits with GalacticNy, the best-fit value of® provides an accu-
rate value of the input parameter. Similarly, when the liést-
value of Ny from the DBB model provides values 0, indi-
cating the source is in a thermally dominant state, the titest-
kTin provides a reliable value of the true inner disc tempera-
ture. In all other instances neither models provide a ridiab
measure of the intrinsic source properties.

A summary of fitting the single-component multicolor disc
models from the simulations is presented in Figure 11. In
the left-hand plot of this figure thidy values from the DBB
model with a fixed PO component &%1.7 are plotted for
disc temperatures 0.50 keV, 0.75 keV, 1.00 keV, 1.50 keV and
2.25 keV. No shading is shown for the different photon index
slopes in this panel due to the small deviations in best-fit va
ues ofNy. GalacticNy is indicated by the dashed horizontal
line. In the right-hand panehkT;, is shown against increas- In addition to thel’, kT, andNy parameters, 0:38.0 keV
ing flux-ratios, where the variation of best¥i;, for different values of flux from the single component models were also
values of photon index is indicated by the shaded regions. Th compared to the input flux values. A comparison of the de-
I'=1.7 input parameter values are shown by the solid lines. rived fluxes for disc temperatures of 0.50, 1.00 and 2.25 keV,

From these figures it can be determined that when the fluxand photon index values 1.7 and 2.5 are shown in Figure 12.
emission does not arise entirely from the disc component ofin this figure the fluxes from the three different models, as
the LMXB, the best-fit value oNy from the single compo-  well as a canonical PO model of Galachg andI'=1.7, are
nent DBB model is< Galactic absorption. In fact, even with  show in six panels, where the left-hand panels indicate fluxe
a thermal flux ratio of 75% the best-fit value of absorption is for all values ofkT;, from theI'=1.7 models, and the right-
more than 3 times smaller than that of Galactic, tending to O hand panels presents the flux values fromItk@.5 models.
as the flux ratio decreases. In the right-hand panel it is show The fluxes derived from the composite models are indicated
that as the input parameters of the simulations generatrlow by the solid black lines, the single PO model by the dot-
flux ratio spectra, so the value akKkT;,| increases. This in- dashed green lines, the best-fit values from the DBB model
dicates that as the composite model becomes more dominatethe dashed blue lines and the canonical model flux is indi-
by the non-thermal component the best-fit parameters fromcated by the dotted orange line.
the DBB model become less reliable, as was seen with the From this figure it can be seen that as the disc component
single-component PO model for the disc-dominant spectra. becomes more prominentin the composite model, the value of

. ) flux derived from the single-component PO model diverges
4.1.3. Composite PO+DBB Fits from the flux determined from the composite model. The

In addition to the single component fits, a composite PO value of this divergence increases as the temperature of the
and DBB model, with initial parameters set to the input val- inner disc decreases. Further, by comparing these chamges i
ues of the simulation, was also applied to each of the spectraflux with Figure[9 it can be seen that in all instance where an
In all cases the fit was statistically acceptable, howevemf  elevated value oNy is determined from the PO model, the
comparing the best-fit values to the input parameters the twointrinsic flux from the fit is significantly higher than the &u
component model was unable to adequately recover the ini-source value, a consequence of the excess soft emission of
tial values. This is due to the degenerate nature of the discthe disc being modeled by the higher absorption component.
and PO components of the model and indicates that, in gen-Conversely, the intrinsic flux from the DBB best-fit model
eral, for sources with less than 1000 counts a two componenshow a lower value than the one defined by the input model
model will be unable to provide well constrained parametersin all instances, up to a disc contribution of 100%. Although
(although this will be dependant on the shape of the spec-these lower values provide a much closer value to the true
trum). flux than that provided by the single-component PO fit (for

4.1.5. Flux Determination
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instances where absorption column values above Galdgtic nent becomes more prominent the valuégfdecreases and
are recovered). However, the flux values that are closeketot in fact, for flux ratio values<25%, the best-fit value dfly
input model values are derived from the canonical PO model.is either consistent with or below Galactic for disc tempera
This is true in most cases where the fittdg from the sin- tures of 0.3 keV, and below Galactic with a flux-ratio value of
gle PO model is significantly above the Galactic value, for <50% forkTi,=0.2 keV. For the simuations with an inner disc
both inputl’=1.7 and 2.5. However, this canonical PO model temperature of 0.1 keV all values Nf; are 0, only becoming
does provide a less accurate value of the true flux comparedonsistent with Galactibly with flux ratios<25%.

to the DBB model when a significant disc is present. There- The best-fit values dfly derived from the simulations with
fore, when providing flux values for sources with parameters the non-thermal component described by a PO Wi2.5,
determined from single-component models (wiNgnis en- exhibited similar variations to those presented in Fig8e 1
hanced), the flux from the canonical model should be usedwith all Ny values from the 0.1 keV inner disc simulations
as an estimate of the true flux, except when the DBB model < GalacticNy. However, there were differences between the
best-fit value oy is consistent with Galactic absorption, in- 0.2 and 0.3 keV simulations from the differdntalues, with
dicating that the source is in a TD state. In these instanceghe single component fits from the steeper value of 2.5 always
the DBB flux value should be taken as a closer estimate of thedetermining a best-fitly higher than Galactic for all flux ratio
source flux. values, apart from 0%.

It should be noted that the interpretation of these spectral The single-component DBB models for the cool-disc sim-
models has made the assumption that these sources are natations were statistically rejected in 100% of cases when t
embedded within diffuse emission arising from the hot gas input photon index was 1.7. When a slope of 2.5 was used,
within the galaxy. In the instances where the galaxy costain the 0.2 and 0.3 keV disc temperature simulations were ade-
a substantial ISM care should be take to determine if the en-quately described by single-component modelscB0% of
hanced values dfl; are a consequence of intrinsic emission cases. When these fits were statistically acceptable the bes
or caused by the surrounding medium of the source. Furtherfit value of Ny was 0. When the inner-disc temperature was
intrinsic absorption from the source itself, e.g. a warped a 0.1 keV, none of the simulated spectra were statistically ac
cretion disc; as proposed for the BH-GC source in NGC 4472 ceptable.
by Shih et al. (2008), cannot be ruled out when enhanced
values of\y are determined in the spectra. 4.3. Different Absorption Models

4.2. Cool-Disc Models In the simulations that have been presented in this paper

the phabsmodel (Baluchska-Church McCammon 1992) has

been used to describe the absorption of X-rays in the inter-

stellar medium. However, other models of neutral absorp-

tion such asvabs(Morrison & McCammon 1983) antbabs
Wilms et al. 2000) are also commonly used to describe the
mission from X-ray binaries.

To determine if the results from thghabssimulations are
consistent with results from alternative absorption msdal
sub-set of simulations were generated using hadibsand
tbabsmodels. To investigate the range of parameters obtained
from single component modeling of these different absorp-

oY , _ U€ hn models, simulations of a 1000 counts were produced for
the presence of a Comptonizing corona coupling with the disc g ,rces with input inner disc temperatures of 0.50, 1.00 and

altering the intrinsic properties of the accretion disc B0 5 55 eV, and with a photon index value of 1.7. Flux ratio
& Kubota 2006). This type of cool-disc spectrum has also 4,5 of 100%, 90%, 75%, 60%, and 40% were produced for
been observed in ULXs, albeit with shallower photon indices o0 set of input parameters. A summary of the bedtit
(~1.7, e.9. Soria etal. 2007). This ULX emission has been 5,65 from the single component PO models of these simu-
likened to the spectra observed in Galactic b|r_1ar|es inestb  |5teg spectra are presented in Figlre 14, following the same
(Kubota & Done 2004), where the explanation of & Comp- ¢,nyention as in the left-hand panel of Figlite 9. In this fgur
tonizing component altering the properties of the accretio 4 diagonal black lines indicate tizhabsmodel, the green

disc has again been suggested. . . lines thetbabsmodel and the blue lines teabsmodel. The
To investigate the range of parameters obtained from single

deli Fihi -di | U standard deviation of each derived valueNyf is indicated
component modeling of this cool-disc spectral state, sinul  ,y, the color-coded errorbar in the top left corner. From this
tions were produced with input inner disc temperatureshf 0. i"can pe seen that all three models result in similar values
0.2and 0.3 keV, and photon index values of 1.7 and 2.5; repré¢ \,, - and are identical within the standard deviation. The
senting both ULX and Galactic LMXB spectra. Fluxratioval- pas-fit values oNy from the single-component DBB model
ueshof 750/?'. 60%, 50%, 40%, 25% & 0% wefrehpro_du?ed for \vere also compared, and all three models again resulted in
each set of input parameters. A summary of the single Com-5 1,5t identical best-fit values &k, with the fitted absorp-
ponent PO models of these simulated spectra are present

U Fi following th , 0 Fi 9 n column tending to O as the flux ratio decreased. These
in Figure[LB, following the same convention as in Figure 9. omparisons demonstrate that when spectrally modeling low
In this figure only thel'=1.7 input models are indicated in

both blots for clari he left-hand | in this fi count data with single-component models, the selectioiof e
oth plots for clarity. From the left-hand panel in this figur e \wabs phabsor thabsin the spectral model will result in
where values oy are presented, it can be seen that when

. ) . th behavi tlined i tion|4.1.
the source has a high flux ratio (wikifi,>0.1 keV) the best- © same behavior outlined in sec
fit value of Ny is much higher than that of Galactic, as was
seen in the previous simulations. As the non-thermal compo-

In the previous section, simulations covering the range of
parameters that have been observed in LMXBs in three spec
tral states: hard, thermally dominant and the steep power la
state, have been presented. In this section the simulaiens
extended to include spectra that have been observed in X-ra
binaries with SPL characteristics, but have cooler innsc di
temperatures than are typically observed for sources i thi
state kTin<0.4 keV). From spectral modeling &tXTEob-
servations of Galactic sources with this emission (e.g. XTE
J155G6-564, Kubota & Done 2004) it has been suggested that
these sources appear to have a cooler disc component due

4.4, Simulations Applied to Other Galaxies
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To investigate how the single-component best-fit parame-sented and the overall properties of this bright populaian
ters altered when applying the models to galaxies with dif- discussed.
ferent values of absorption column, a sub-set of simula-
tions were performed. For the first case, simulations were 5.1. A Black Hole GC-LMXB
produced for NGC 4278, an elliptical galaxy with a line  Of the three GC-LMXBs that are presented in this paper,
of sight absorption below that of the current simulations S42 is both the most luminous and the most variable. From
(1.76x10°%m 2 compared to 2.7810°%cm2)”. These simu-  Figure(2 it can be seen that there is a significant increaske (an
lations were performed using response files from spectral ex subsequent decrease) in flux between observations implying
traction of sources within the galaxy, and input parameters ALy~ 2.5x 10*® erg s in the simple assumption of a canoni-
were set to cover inner-disc temperatures of 0.50, 1.00 andcal PO spectrum used to derive Figure 2 (B08). This pattern of
2.25 keV, with a fixed photon index of 1.7. Flux ratio val- variability is fairly common for LMXBs (van der Klis 1994).
ues from 40% to 100% were investigated, with all simulated The large flux variation observed very strongly indicatex th
spectra produced with 1000 counts to allow comparisons t0S42 is not a superposition of multiple NS-LMXBs but a sin-
be made with the models presented in sedtioh 4.1. This subgle source. In fact, if it is conservatively assumed that the
set of simulations was then extended to determine the besttotal luminosity is from the contribution of multiple soes;
fit parameters for systems with Galactic absorption valdes o the luminosity from a single source would have a lower limit
5x10%%m 2 and 1x 10Pcm2, with input parameters defined of ~ 2.5 x 10°® erg s'(increasing to~ 7 x 10°® erg st if
to cover the samE, kTi, and flux ratio values as for the NGC  the emission arises from a single source). This luminosity i
4278 simulations. above the Eddington limit for a neutron star binary (althoug
A comparison of the results from these four sets of sim- would be close to the limit of a heavy£3 M,; Kalogera &
ulations is presented in Figurel15, where the excess absorpBaym 1996) NS, or a 1.4 M NS with a He or C/O donor)
tion column values from the single-component PO models and indicates that the source is likely to be a black holergina
are shown. These excelsg values are defined as the best-fit system.
value ofNy normalized by the simulated Galactic absorption  Based on the X-ray luminosity, HR values and colors of this
(Nno)- In this figure the black lines indicate the simulations source, the spectra were separated into three differenpgro

produced for NGC 3379, the orange lines the ex¢é¢ssal- In all three cases both single component models provided sta
ues of the NGC 4278 simulations, blue tRgy=5x10"%cm™ tistically acceptable fits to the data. In the PO model the
simulations and the green lines thgo=1x 10?'cm™ simula- spectral groups provided a rangelinof ~ 2.1-1.7, which

tions. In the top left corner color-coded error bars indidhe  is within the range of a hard state BH-LMXB. However, in all
standard deviation of each set of simulations. What can bethree cases a large intrindiy, of order 6 times the Galac-
seen from this figure is that all simulations exhibit the same tic column, was required to provide an adequate description
behavior of increasing values of excedg as the thermal  of the data. Such largly columns are not usually seen
component of the source becomes more prominent. In fact, allin LMXBs and would be especially difficult to explain in a
excess absorption values from the four different sets ofisim sub-Eddington low-state source, where outflows are not ex-
lations are identical within the standard deviations. Tinecs pected. One explanation could be that the lower luminos-
tra from these simulations were also fitted to single compo- ity state is a consequence of foreground absorption from a
nent DBB models, where the bestifl; values followed the  warped disc (as advocated for the variable BH-GC source in
behavior shown in Figurie 11 .This indicates that these simu-NGC 4472, which showed variability consistent with arising
lations are applicable in all galaxies, where single-congm from changes ifNy; Shih et al. 2008). However, since there
best-fit values can be used to determine the presence of abis little variability detected ilNy between spectral groups for
sence of a thermal component, as well as the intrinsic sources42, this mechanism is unlikely to be the cause of the change
parameters. in Lx. Instead, from the simulations presented in sedtion 4,
there is an indication that when a source has a significant
4.5. Decision Tree flux contribution from a thermal disc component, the single-

. . o . component PO model will provide an elevated absorption col-
Figure[16 provides a summary indicating how the best-fit " caused by the soft emission arising from the disc. Fur-

parameters derived from the single-component models can bgne\ ‘the DBB single-component modeling from the simula-
used to determine the spectral state of a source. This is pregions indicates that when a source is in a TD state the best-fit

sented in the form of a decision tree, indicating how best-fit absorption column-0, becoming consistent with Galactic ab-
values o\, from the PO and DBB models can be used to dis- gorption as the accretion disc completely dominates the flux
criminate between NT, TD and intermediate states, incdin  ~gntribution (see Figuie11).

sources containing a cool-disc component. Indeed, the DBB best-fit models of S42 suggests that this
source is predominately in a TD state over observatiowds 1
5. DISCUSSION whereNy ranges between 0:8.2x10?%cm 2, possibly enter-

From the spectral analysis of the eight sources presentednd an intermediate state in observation 5, where its likely
in this paper a diverse range of temporal characteristize ha thatthe thermal and non-thermal flux contribute equalljieo t
been identified in the bright§> 1.2 x 10%%rg s1) LMXB emission. This disc component in the TD state appears to be
population of NGC 3379. Here the properties of the four atits most dominant when the source is at its most luminous,
sources determined to exhibit spectral variability are- pre in spectral grouping 2, where the best-fit valueNpfis con-
sented individually and their best-fit parameters are coagha ~ Sistent with Galactic anldTi,~1.5 keV, which infers a mass
to the spectral simulations discussed in sedfion 4. The-specof ~4 Mg (cf. Gierlinski & Done 2004). This best-fit model

tral parameters of the remaining four sources are also pre-rovides a luminosity of- 9.1 x 10° erg s*, which further
strengthens the interpretation that this source is a bfedé-

7 This galaxy is the subject of a companion paper Fabbiano. ¢2al0). binary, where flux variability indicates that there must be a
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source withLy > 4 x 10°8 erg s within the GC. The increase  sorption column is a factor of 4 greater than the Galasjc
in temperature coupled with the increase in luminosity ob- This could again point to the single component model failing
served between the spectral groupings could be explained ato describe the nature of the accretion, indicating a chamge
the disc’s response to a temporary increase of the accretiorspectral state from the NT to the TD state (as investigated in
rate, or could be due to the failure of the single-componentthe simulations in sectidd 4), or it could indicate the pnese
model to adequately describe the properties of the spestra aof a warped disc, as discussed in Shih et al. (2008). In both
the PO component becomes more prominent. However, thanodels the source luminosity exceeds the NS Eddington lu-
statistics in these spectra do not constrain more complek mo minosity, with Ly ranging between- 7 x 10%%rg s? in the
els (e.g. PO+DBB) to allow this to be investigated further. NT state (or cool-disc) observations (where this Highalso
What is very likely from these spectral properties is that a indicates that this source is not residing in the NT state), t
single black-hole binary has been detected within a glabula ~ 5 x 10%8erg s in the TD state spectra, which is therefore
cluster in NGC 3379, in addition to the BH-GC within NGC consistent with emission from a stellar-mass BH.
4472 (Maccarone et al. 2007) and the suggested IMBH-GC .
in NGC 1399 (Irwin et al. 2010). Further, it has also been 5.3. Spectral State Change of Central Region LMXB
determined that this source is in a thermally dominant state S74 resides in the central region of the galaxy where the
when it is at its most luminous. Maccarone et al. (2007) find optical data become confused and therefore has an unclassi-
that the BH-GC in NGC 4472 is in a very luminous { x fied optical correlation. The spectral behavior of this seus
10°L) and metal poor GC and Irwin et al. (2010) determine very stable in the first four observations, where the spectra
that the source in NGC 1399 is in a luminous § x 10°L ) well fitted with aI” ~1.6 PO model with no intrinsic absorp-
but metal rich GC. In NGC 3379 not only S42, but also the tion, consistent with a NS or BH-LMXB in the hard-state. Al-
two other GC-LMXB sources; S41 and S67, are also found in though, this source could have a cool-disc component, given
luminous GCs (B08), with luminosities of order k50°L,, that Ny tends to 0 when left free to vary in the PO model,
3x 1L, and 2<10°L, respectively, therefore following the and the DBB model provides a poor description of the data.
trend identified in previous GC-LMXB studies (e.g. Kundu In observation 5 the spectral emission changes dramaticall
et al. 2007). Using the color-metallicity relations in Ssnigt increasing in flux and altering in spectral state, where {be P
al. (2006), and the GC colors reported in B08, we find that model indicates that the source has become softer and the ab-
S41 and S67 are in ‘blue’ low-metallicity clusters<M0.85 sorption column has increased. This is again interpreted as
and V-1=0.87; ~1/10 solar), whereas S42 is in a ‘red’ high an indication that the disc emission has become more promi-
metallicity cluster (\+1=1.12). nent in the source, where the DBB model describes the spec-
These comparisons, albeit based on only five objects, are irtra well, although\y left free to vary provides a best-fit value
agreement with the conclusion that GC mass may be a factomwell below Galactic and has therefore been frozen in the fi-
in retaining a BH-LMXB. However, given that this paperonly nal model. These parameters indicate that the source is in
concentrates on the brightest LMXBs within NGC 3379, we a TD state, with an inner disc temperature~dd.7 keV and
do not speculate on the suggestion that the more massive GCan intrinsic luminosity of 7.5 x 10%%rg s?, that, if follow-
host the more luminous LMXBs (Kundu et al. 2007). In ing theM o T~ relation, indicates that the source is-&@5
fact, from BO8 it has been determined that there are two lessM, black hole. However, as the absorption column from the
luminous LMXBs that reside in more luminous GCs than the DBB model is below the Galactic value it is possible that a
sources presented here. Further, in the cases of S41, S67 antbn-thermal component is present in the source, therdiiwe t
the source in NGC 1399, without large temporal luminosity derived mass should be treated as an upperlimit.
variations it cannot be ruled out that these GCs may contain a i )
superposition of less luminous NS rather than a single brigh 5.4. A Luminous Cool-Disc Source
BH. However, due to the large variability in both S42 and the  The final source with spectral variability is S102, which
source in NGC 4472, it can be confirmed that these sourcess just outside theHST FOV. From the plots indicating the
are bright single objects. variability in Lx and HR (Figuré R) alone it appears that this
, source is gradually transitioning from a bright hard soucce
5.2. A Field BH-LMXBs a lower luminosity soft source. However, from the spectral
S86, the only confirmed field source witl > 10%%erg s* groupings it has been determined that the source actually re
within NGC 3379, exhibits similaty variability to that of sides in distinct states. In the first observation the speatts
the BH-GC, S42. However, in this case, when the source iswell described by a steep power lalv £2.6) with no intrin-
observed in its less luminous state the spectra are comisiste sic absorption. This photon index value is steeper thanavoul
with either a hard state, whefe~1.5 and no extra absorp- be expected for a source in the hard-state (RMD622.1),
tion is required, or possibly a cool-disc model. This latter suggesting that the source is in a SPL state. However, given
interpretation is proposed as the best-fit valueNgftends that the single-component DBB model is statistically regelc
to 0 when left free to vary and the single-component DBB when fitted to this spectra, this source could be in an interme
model is statistically rejected when applied to these spect diate state with a cool-disc component (see sefioh 4.2). Al
When investigating the cool-disc simulations, such bedravi though, within errors, bothNy andI” are consistent with the
was observed in both these single-component model fits (se@xpected values of a SPL state source, and there are too few
sectiof 4.R). In the higher flux observations the DBB model counts in the data to allow additional components to meaning
describes the spectra well, where the best-fit inner dise tem fully constrain the spectral parameters.

perature is~ 1.4 keV, consistent with the TD state of~a5 In observations 2 & 3 the spectra exhibit very similar prop-
Mg BH. The PO model also provides an acceptable descrip-erties to those observed in observation 1 although, with a
tion of the spectra in this higher flux state, with~1.6, typ- greater number of counts, it is clear that the fit valuéNgf

ical of hard state spectra. However, in this more luminous from the PO model is significantly below that of Galactic ab-
state, whilst the spectral index indicates a NT source, the a sorption (see Figurgl 7) and consequently a two-component
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model has been applied to the spectra. From this best-fitand color where labels are given in the bottom right corner.
model the thermal emission has been determined to have an From comparing both panels it can be seen that, in general,
inner-disc temperature &T;,~0.14 keV, with a photon in-  when a source is emitting at a lower luminosity, the spectrum
dex of 1.6. A large absorption column is required for this fit, indicates thatthe source isin a NT state, dominated by the PO
although this is not well constrained and is consistent with component. This behavior is commonly seen in Galactic bi-
Galactic absorption (see contour plots in Figlre 8). Such anaries, where this state was previously defined as the lod-ha
spectrum is consistent with the properties observed in somestate, denoting both the photon index and flux of the source.
ULXs (e.g Soria et al. 2007) and indeed, the intrinsic lumi- However, in McClintock & Remillard (2006) it was advocated
nosity of S102 in observations 2 & 3 is1.1x10%%rg s?, that luminosity should not be part of the classification scbe
which does fall under the classification of a ULX, albeit at as, while many Galactic binaries do become harder as their lu
the very low end of the luminosity range. Further, the flux ra- minosity decreases, there are counter examples indidatig
tio from both of these observations indicates that 40% of the this behaviour is not ubiquitous (e.g. GX 339-4; RMO06). In-
emission arises from the disc-component, slightly highant  deed, even within the sample of sources presented here there
the contribution determined in Soria et al. (2007), wheee th is an indication that we observe a source transitioning etw
thermal emission contributed 25% of the observed flux. Froma TD and NT state whilst exhibiting very little change in lumi
theM T~ relation the temperature of this fit implies an in- nosity (S86), although it is possible that these NT states (o
termediate mass black holef5 x 10°M,, although, as dis- 1, 3 & 5) are actually in a cool-disc state. The other bright
cussed in sectidn 4.2, this disc may appears cooler due to theources in th&y —T" plot are observations 1 and observations
prescence of a Comptonizing corona altering the propesfies 2&3 of S102. From spectral modeling it has been determined
the disc (Done & Kubota 2006) and the true mass of the blackthat this source is actually in a steep power law or interme-
hole may be much lower. diate cool-disc state in observation 1 and in an intermediat
In the final two observations of this source the luminos- cool-disc state in observations 2&3, both of which typigall
ity decreases significantly and the flux is well described by aresult in a higher level of flux than the NT state.
single-component PO model, wity consistent with Galac- In the left-hand panel the five sources determined to be in a
tic absorption and’ ~1.85, indicating that the source is likely TD or intermediate/TD state are presented (along with an in-
to be emitting in a NT state. This source therefore provides sert presenting the TD properties of S102 in a luminous cool-
observational information of a black-hole binary souremtr  disc state). The five sources within the main plot all reside i
sitioning from a steep power law cool-disc state to a hard the samd. —T parameter space as Galactic black-hole bina-

state, where the luminosity falls from1.1x10%%rg sto ries (cf. Miller etal. 2004; Kajava & Poutanen 2009), albeit
~ 3.8 x 10%erg s. at the brighter end of the relation. S102, on the other hand,
) exhibits spectral properties that do not follow the typiedh-
5.5. The Overall Population tions observed in Galactic binaries (e.g. Miller et al. 2003

In addition to the four sources that exhibit spectral vatiab Stobbart et al. 2006) and could suggest the presence of an
ity, the four other sources included in this paper have alsoIMBH. However, as discussed il §b.4, with such a cool-disc,
been analysed. From their spectral parameters, two are conwhile it is consistent with this interpretation, it is notf of
sistent with being in an NT state (S41 & S77) with photon an IMBH.
index value of~1.9 and~2.0. The two other sources (S67 & In this figure S42 is the only LMXB that has been deter-
S103) have large values of intrindiy from the PO model,  mined to exhibit multiple spectral properties whilst in thie
indicating that a significant disc is present in the spedina.  state and is denoted here by the open squares. By comparing
the case of S67, the DBB model provides a valudlgfcon- these points with the dashed lines on this plot, which irtdica
sistent with Galactic absorption, suggesting that theamisr  theLxT* relation; the expected signature for optically-thick,
in a TD state, whilst S103 has a value tending to 0 and is geometrically thin accretion discs (Done, Gigski, Kubota
therefore likely to be in an intermediate state with flux con- 2007), it appears that this source does not follow the stan-
tributions from both the thermal and non-thermal composient dard relation, but instead roughly followsxT%. A flat-
of the binary. ter relation ofLocT2 has been observed in other black hole

In Figure[IT the spectral properties of the binaries investi binary systems at higher temperatures (keV) (Kubota &
gated in this paper are presented. In this figure the spectraMakishima 2004) which has been explained as the transition
groupings of each source have either been plotted in the leftof the disc from a standard accretion disc (Shakura & Sun-
or right panel, depending on their inferred state, wherdént yaev 1973) to a slim disc solution (Abramowicz et al. 1988)
left panel logkT, against logLx is presented and the right as the accretion rate increases. However, Gigkii& Done
panel showg™ against log.x. When sources are likely to be (2004) argue that such a transition should only occur above
in a spectral state that is not TD (or NT) the errors bars areLeds, Which is greater than the luminosity of sourees keV
presented as dotted lines. The best-fit values from the PO andh Kubota & Makishima (2004), and they instead suggest that
DBB components of the luminous, cool-disc observations of this flattening is associated with a change in the color tempe
S102 are indicated by the dashed error bars. In the case of thature correctionfo).

TD state for this source, this point is presented as an insert In the case of S42, the inferred mass of the BH from the
within the main plot, where a lower disc temperature range M —T relation is~4M,, therefore the observed luminosity

is presented. In addition to the sources, theT relations ~ of 9.1x10%%rg s* would require super-Eddington accretion
for a non-rotating BH (cf. Gierfiski & Done 2004; eq. 3, for a BH of this mass. This suggests that the flatter relation
assuming an inclination angle of 60 degrees &pad1.8) of in Figure[1T is a consequence of the source transitioning to a
masses 5M, 10M; and 20M, are indicated by the dashed slim disc, although a change in the color temperature correc
lines in the left-hand plot, and an additional line indingti  tion cannot be ruled out. However, this suggestion of a flatte
theL—T relation for a BH mass of 500Mis included in the  relation should be treated with caution due to, not only the
insert plot. In both panels, sources are indicated by symbollimited data points, one of which is from the source in an in-
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termediate state (observation 5) and therefore is likehatae Four of the eight sources presented in this paper have been
an incorreckTj,, but also due to the uncertainty ity from determined to exhibit spectral variability and observagio
the single-component spectral modeling. have been subsequently been grouped to reflect these varia-
tions. By comparing the spectral properties of these group-
6. CONCLUSIONS ings to our simulations, spectral transitions have been-ide

In this paper we have investigated the spectral properties o tified. The most luminous source detected within a GC,
eight bright (x> 1.2x%8 erg s1) sources within NGC 3379, S42, has been determined to show significant variabLLigy(
selected from the B0O8 catalog. From deep multi-pointing 4 x 10°®erg s?) and can therefore be confirmed as a strong
Chandraobservations we have been able to determine theBHB candidate, predominantly residing in the thermally dom
source properties at different epochs, and thereby cleaizet  inant state. The best-fit inner-disc temperature of this@ou
source spectral variability. A set of simulations used ferin  is 1.5 keV, and we estimate a black hole mass-4M,, pro-
the spectral states of these sources has also been presentedviding further evidence (in addition to Maccarone et al. 200

Due to the luminosity cut imposed on this sample, all of the and Irwin et al. 2010) that GCs do retain black hole bina-
eight sources are either NS emitting at, or above the Edding-ries. If we assume that the two further GC-LMXB sources in
ton luminosity, or BHBs, with source luminosities rangirggb  this paper are also individual black holes, this indicakes t
tween 16—10.8 x 10%%rg . From optical correlations three  30% of the GC-LMXB correlations in NGC 3379 contain a
sources have been determined to be BH-GCs, one is detecteldlack hole binary, which constitutes a significant fractain
in the field, while the remaining four sources have insuffitie  the GC-LMXB population.
optical data to classify a correlation. In all cases (bar310 A transition from a luminous steep power law state to a
single component PO and DBB models have been applied tohard state has been identified in S102 where we have iden-
the data and have provided statistically acceptable fits. tified a binary with a cool-disc componerkT(,=0.14 keV

To aid the interpretation of these single component mod-andI'=1.6) emitting around the Eddington luminosity of a
els, simulations of low-count (250, 500 and 1000) data have 10M, black hole [x~ 1 x 10*%rg s?). Taken at face value,
been presented. This work demonstrates that it is possible t the temperature of this cool-disc could suggest an IMBH.
determine if a source is in a hard, thermally dominant, or in- This source then declines over the three months between
termediate state by comparing the best-fit valuelsipfrom pointings to a source in a hard state, with~ 1.85 and
the two spectral models. In cases where the line-of-sight ab Lx=3.8x10*%rg s, consistent with NT state Galactic black
sorption in the PO fit is significantly higher than that of the hole binaries (RM06). The bright state of this source is sim-
Galactic value it is likely that a strong thermal component i ilar to spectra observed in some ULXs (Soria et al. 2007),
present. If it is then determined from the DBB model, that and indicates the similarities between these bright ssuand
this same source has a besiNit consistent with the Galactic more ‘normal’ stellar mass black hole binaries in high accre
value it points to the source being in a TD state. If instead th tion states.

DBB best-fitNy tends to 0, it is likely that the source has both ~ The spectral properties of the eight sources are largely con
strong thermal and non-thermal components and can be saigistent with the parameters that have been observed in-Galac
to be in an intermediate state. Although we add the cavest thatic LMXBs, with sources in a NT state exhibiting a range of
whilst an elevated value & from the single-componentPO I'=1.5-1.9 and sources in a TD state wki,=0.7-1.55 keV.
modelis indicative of a thermally dominant state, intraneb- We have also shown that this population is consistent with
sorption, arising from the disc could also explain this leisu ~ the general trend of increasing luminosity as sources becom
some cases. We have also provided simulations of cool-discsofter, transitioning from a NT to TD state. The T relation
spectra, allowing us to identify when a source is in a high has been investigated for all the sources in a TD state, with
accretion state with a cool-disc component. A summary of the parameter space of these LMXBs (excepting the luminous
how the best-fit values from single-component models can becool-disc state of S102) being consistent with Galactieobs
interpreted is provided in Figute116. vations, albeit at the bright end of thex T* relation. S42,

From these simulations it has been determined that wherthe BH-GC, was the only source to be observed in the TD
a source has prominent disc emission as well as a signif-state in multiple pointings. The-T relation of this object
icant non-thermal component, the luminosity derived from is flatter than the typical relation, with luminosity inceiag
the single-component DBB model should be taken as a lowerwith temperature as: T125, Flattening has been observed in
limit of Lx. The value inferred from the single-component Galactic black hole binaries (Kubota & Makishima 2004) and
PO model will be much greater than the true source valueit has been suggested that this could be due to the standard
and should be disregarded. However, when a canonical PGShakura-Sunyaev accretion disc evolving into a slim dikc, a
model ('=1.7 and\y frozen to the Galactic absorption value) though this flattening could also be explained by a change in
is applied to the data, the derivést value will provide the  the disc color temperature relation.
closest value to the true source luminosity. When the source
is in a TD state the X-ray luminosity from the DBB should be
adopted. We thank the CXC DS and SDS teams for their efforts in

We have also performed these simulation for a range of dif- reducing the data and developing the software used for the
ferent absorption values, confirming that the results ate no reduction (SDP) and analysis (CIAO). We would also like
significantly dependant on the value of Galactic absorption to thank the anonymous referee whose detailed and care-
demonstrating that these simulations can be used to ieterpr ful report has helped to improve this paper. This paper is
a variety of extra-galactic binary spectra. Further, dédfd based upon work performed by S. Blake while visiting CfA
absorption models have also been been used in a sub-set @&fs part of a student program sponsored by the University
simulations, and these results have confirmed that with low-of Southampton. This work was supported ®andraG0
count data the choice of absorption model does not affect thegrant G06-7079A (Pl:Fabbiano) and subcontract G06-7079B
interpretation of spectral state. (Pl:Kalogera). We acknowledge partial support from NASA
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contract NAS8-39073(CXC). A. Zezas acknowledges support romfNASA LTSA grant NAG5-13056.
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Luminous LMXBs in NGC 3379

TABLE 1
OBSERVATIONLOG AND SOURCECOUNTS
Obs 1 Obs 2 Obs 3 Obs 4 Obs 5 All Opt. corr
OBSID 1587 7073 7074 7075 7076 -
Exposure (ksec) 29.0 80.3 66.7 79.6 68.7 324.2
Net Counts
S41 7.5£10.0 146.6613.5 143.6:13.2 150.@613.6 200.@t15.4 718.7:28.4 GC
S42 170.414.1 457.8225 269.&17.6 512.823.8 331.5-19.4 1741.843.0 GC
S67 95.4-11.1 239.5%16.9 219.&16.1 243.216.9 198.A20.9 1008.%-33.4 GC
S74 55.8-9.0 181.1%+14.8 147.%13.7 158.214.0 580.A25.5 1165.4-35.9 -
S77 25.5-6.7 111.#12.2 90.6:11.2 92.6t11.3 71.#10.1 414.4225 -
S86 195.415.2 572.9%25.3 371.4:20.6 620.4-26.2 352.4-20.2 2114.347.7 F
S102 165.514.0 459.422.6 332.5-19.5 288.318.2 140.213.2 1389.6:38.7 -
S103 75.%+10.6 131.3-12.6 127.1#13.4 170.415.1 143.1#14.1 636.2%26.6 -

NoTE. — Optical correlations: GC indicates an association witflabular cluster, F indicates a field source, which is wittie HSTFOV and has no optical association. -
indicates that there is insufficient optical coverage f@s fiource to determine an optical association. All of théassification are fully described in B08, §2.6.

TABLE 2
SUMMARY OF LONG- AND SHORT-TERM SOURCEVARIABILITY

Source No. Short-term variability Long-term variability
Obsl Obs2 Obs3 Obs4 Obs5 Var Sign.
S41 - - - - - \% 3.9
S42 - - - - - \% 5.9
S67 - - - - - N 1.0
S74 P - - - - \% 15.8
S77 - - - - - \% 2.4
S86 - P - - - \% 6.0
S102 - - - - - \% 10.%
S103 - - P - - \Y 2.0
NoTe. — Individual variability is based on the Kolmogorov-Smarntest: - indicates no variability, V, indicates variabteisce (with values>99% confidence) and P indicates

possible variable sources (with variability value80% confidence). The long-term variability from all five obsgtions was defined by the chi-squared test where V indicate
variability, and N indicates a non-variable source. Sigtidates the significance in change in luminosity betweeritjeest and lowest flux observations. All of these clasditica
are fully described in B08, §2.4.
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TABLE 3
SUMMARY OF THE BEST-FIT PARAMETERS OF THE SOURCE SPECTRARRORS ARE
GIVEN TO 1o
Source Obs. No. NetCounts Model xz/z/ P2 Parameters Lx Lx Range
NH r KTin x10%8 ergs™®
x 1070 (0.3-8.0 keV)
S415¢ Al 719 PO 25.89/24  0.36 2.8Fr 1.2 - 2.87 1.994.51
S4%FC  1&3 439 PO 10.32/15 079 178 2.09912 - 5.60 4.218.15
1&3 439 DBB  1200/16 0.74  2.8Fr - o.%‘g 4.78 3.186.08
1&3 439 DBB  11.32/15 0.73  Ofi - 0.97%33 4.15 3.586.55
2&4 971 PO 32.86/40 0.78 18 1.6809%7 - 12.30 12.2212.38
284 971 DBB  40.05/40 047 331 - 150318 9.10 7.7910.76
5 332 PO 3.85/12 098 1242 1.75013 - 8.26 7.869.60
5 332 DBB 5.44/13 096  2.8Fr - 1.2312 6.14 3.996.94
S67C Al 1002 PO 31.50/34 059 1743 1.57%17 - 4.48 2.965.65
Al 1002 DBB  29.92/35 0.71  2.8Fr - 1.5 %é 4.19 2.715.16
Al 1002 DBB  29.83/34 0.67  14% - 1558915 4.67 2.825.09
S74 12384 553 PO 16.22/16  0.45 28Fr  IPH - 274 1.5%3.55
1238&4 553 DBB  26.39/16 0.05  2.8Fr - 1112 1.95 0.972.38
5 555 PO 355321 0.03 1t 2.13% - 12.39 11.5913.74
5 555 DBB 356822 0.03  2.8Fr - 0.81%2 7.65 6.637.89
S77 Al 368 PO 6.72/7  0.46 2I'%§S 203025 - 1.60 0.372.20
DBB 7.61/8 047  2.8Fr - 0.9§2 1.28 0.491.71
s8g 1385 920 PO 35.50/37 054  2.8Fr 1483 - 7.07 6.157.95
284 1193 PO 39.38/54 0.86 1323 1.655%9 - 11.82 10.0813.41
284 1193 DBB  42.17/51 0.81  2.8Fr - 1897 9.01 6.7310.63
$102 1 166 PO 194C  67%C 3¥ 26453 - 6.22 5.367.07
283 792 PO 36.86/32 025  2.8Fr 2:%% - 6.13 5.097.03
283 792  PO+DBB 20.66/28 0.74 11%5 162018 0.14%0 10.78 7.8611.62
485 429 PO 11.84/15 0.69 220 1.85%17 - 3.77 2.994.73
485 429 DBB  28.13/16 0.03  2.8Fr - 0.889 0.80 0.331.28
$103 Al 637 PO 1272C  58%C 1t¥F 17991 - 3.89 2.885.65
Al 637 DBB 1282C  85%C  2.8Fr - 1.1458 2.78 1.923.65

NoOTE. — In column 1 optical correlations (or lack thereof) areidaded by the symbols5C indicating a GC-LMXB source anH indicating that the LMXB has been confirmed
as a field source. No symbol indicates that there are inseriiciata to establish the presence of an optical counterpéren the Cash statistic has been used in preferengé to
a Cisincluded in columns 5 & 6. A value of 2.8Fr in column 7 deschat the best-fit model has had the absorption columerirez the Galactic value. Column 11 presents the
range in X-ray luminosity where the lowest value indicates 1o lower-bound value from the lowest flux individual obsereatfrom the joint fit. The higher value indicates the 1
upper-bound value for the most luminous individual obsgorafrom the joint fit. For best-fits from individual obseftigns the range indicates the lower- and upper-bound values
from that single observation.
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FiG. 1.— Adaptively smoothed full-band (6-8.0 keV) X-ray image of NGC 3379. Overlaid in this figure arbdied circular regions indicating the eight

source presented in this paper ah8TFOV.
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FIG. 2.— Plots of the eight bright sources in NGC 3379, adaptechfB08. Each plot summarizes the variations in propertiesach source between each
observation. In the main panel the long-term light curvessirown. In the second panel down, the hardness ratios acated These are defined to be HR
= H-S / H+S, where H is the number of counts in the hard band-2®keV) and S is the number of counts in the soft band-@®&keV). In the third and
fourth panels the color ratios; C21 and C32, are plotted rev2130gS2+H0gS1 and C32=logH+l0gS2. For the color ratios the bandwidths are defined to be
S1=0.3-0.9 keV, S2=0.92.5 keV and H=2.58.0 keV. From B08 it was determined that all sources apam 867 display long-term flux variability.
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FiG. 3.— Contours for PO (left) and DBB fits (right) for S42. In hdtgures the black solid line represents the @ntour for observations 1 & 3, the red
dashed line observations 2 & 4 and the blue dotted line ohtenv5. Best-fit values are indicated by the cross hair wigelzich contour (these values differ from
the best-fit parameters presented in Télble 3 wiens below Galactic absorption). In some instances cross laa@ not readily observable, in these cases the
best-fit value ofNy tended to 0 when left free to vary. The solid vertical lineiiades GalactidNy. From the simulations presented in secfidn 4 the spectral
properties of S42 suggest that this source is predominatelthermally dominant state, entering an intermediate steobservation 5 (see text for details).
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FiG. 5.— Contours for PO (left) and DBB fits (right) for S86. In hdtgures the black solid line represents the@ntour for observations 1,3 & 5, the red
dotted line observations 2 & 4. Best-fit values are indicdtgdhe cross hair within each contour (these values difl@mfthe best-fit parameters presented in
Table[3 wherlNy is below Galactic absorption). In some instances cross laér not readily observable, in these cases the best-fé Ny tended to 0 when
left free to vary. The solid vertical line indicates Galadti;. From the simulations presented in secfidn 4 the spectoplepties of S86 indicate that this source
is transitioning between a hard state (or possibly a camd-giate) to a thermally dominant state (see text for ditails
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F1G. 6.— Contours for PO (left) and DBB fits (right) for S74. In hdigures the black solid line represents thecntour for observations 1,2,3 & 4, the red
dotted line observations 5. Best-fit values are indicatethbycross hair within each contour (these values differ ftoenbest-fit parameters presented in Table
B whenNy is below Galactic absorption). In some instances cross laair not readily observable, in these cases the best-fi el tended to 0 when left
free to vary. The solid vertical line indicates Galadtig. Based on the simulations presented in se¢flon 4, S74 Iy ligdoe in a hard state in observations4]
transitioning to a thermally dominant state in observaBqsee text for details).
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FIG. 7.— 1o and 2 contours for the PO best-fit for S102. The solid black linggesents contours for observation 1, the red dashed lires sbntours
for observations 2 & 3 and the dotted blue lines observattb&s5. Best-fit values are indicated by the cross hair withicheeontour (these values differ from
the best-fit parameters presented in Téble 3 wiens below Galactic absorption). In some instances cross laaé not readily observable, in these cases the
best-fit value ofNy tended to O when left free to vary. The solid vertical lineidades GalactitNy. From the simulations presented in secfidn 4, S102 is likely
to initially be in a steep power law state, transitioning forminous cool-disc state in observations 2 & 3 and then cingnip a hard state in observations 4 & 5

(see text for details).
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FIG. 8.— 1o and & contours for the two-component PO+DBB modeling of obsémnat 2&3 of S102. Left indicates values By andkT;, and the right
panel presents the andkT;, values from the same fit. The best-fit values are indicatedétoss hairs in both panels. In the left panel the solidoaine

indicates Galactif\Ny.
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Fic. 9.— Results of the best-fit values derived from the singleygonent PO model applied to the 1000 count simulated spetetailed in section 4), where
all spectra were simulated with Galachlg. The left panel indicates the valuesN§ plotted against the flux ratio of the disc-to-total flux. Tight panel shows
the difference Q) between the input and best-fit valuelafIn both plots the solid diagonal lines label indut 1.7 for each simulation, for inpWT;, values of
0.50, 0.75, 1.00, 1.50, and 2.25 keV. The shading indichtesyiread in best-fit values for the full range of photon ieslit.52.5. In the left panel the horizontal
dashed line indicates the Galachigy an and the vertical solid lines are grid line. The error barthe upper-left corner indicate the standard deviatiorhef t
0.75 (large) and 0.25 (small) value l§f;. In the right panel th&T;, values are presented in different colors for clarity. Itudde noted that different shading
patterns of green, blue and gray are a consequence of guiedeghading and do not indicate additional informatiorhmitthe figure.
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Fic. 10.— This figure presents the same information as is shovimeiieft panel of Figurgl9 but also includes the best-fit \v@lofNy derived from lower
count simulations of input parametdrs1.7 & 2.5 andkT;,=1.00. The 500 count data is plotted in blue and the 250 coaia ith green. The results of the
I'=1.7 simulations are labeled by the solid diagonal linesthedest-fit values dily from the’=2.5 simulations for 60%, 75%, 90%, and 100% disc-to-total
flux ratios, are indicated by the outer edge of the shadinifg the findings of the 1000 counts simulations, interiagz values of" are expected to reside
within the shaded region). Error bars in the top left indéctite standard deviation for 0.75 (large) and 0.25 (smal)ritios, these are also color-coded. The
horizontal dashed line indicates Galadtig.
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FiG. 11.— This figure presents the best-fit values derived fragrsthgle-component DBB model applied to the simulated sp&dth input values ofNy set
to Galactic absorption (detailed in sectldn 4). As in Fig@réhe left panel indicates the valuesNyf plotted against the flux ratio of the disc-to-total flux and th
right panel shows the differencéj between the input and best-fit valueldf;,. In both plots the solid diagonal lines labels input 1.7 for each simulation,
for input kTj, values of 0.50, 0.75, 1.00, 1.50, and 2.25 keV. Shading iprestented in the left panel due to the small variations ghuitly values but in the
right panel it indicates the spread in best-fit values forftilerange of photon indices 1-2.5. It should be noted that different shading patterns eéy blue
and gray are a consequence of overlapping shading and dodicate additional information within the figure. The Galm@bsorption column is indicated in
the left panel by the horizontal dashed line.
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FIG. 12.—Lx plotted against the flux ratio, where the €830 keV flux from the input two-component PO+DBB model (bldide) is compared to thex
values derived from the single-component fits; the PO madieldicated by the dashed-dot green line and the DBB moddidgashed blue line. Flux derived
from a canonical PO model of Galacti¢; andI'=1.7 is indicated by the dotted orange line. The panels otethendicate the simulations with an inpii=1.7
and the right, thd” = 2.1 simulations. InpukTj, values are labeled in each panel, as is the input photon.value
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FIG. 13.— Best-fit results from the cool-disc simulations preésd in sectiofi 412, following the same presentation asrE[@uOnly the best-fit values derived
from theI'=1.7 simulations are presented. In the right panel thefitesttue ofT" is shown (instead oA photon index).
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Fic. 14.— Best-fit results of simulations using three diffenghbtoelectric absorption models (detailed in sedfioh #I&)wing the same presentation as in the
left-hand panel in Figurigl9. Here, only the best-fit valuedvdd from thel'=1.7 simulations are presented for value&Bf,=0.50, 1.00 and 2.25 keV, over flux
ratios values of 40% to 100%. The results from peabsabsorption simulations are labeled by the black diagonakli the results from thibabssimulations
are shown by the green lines and the results fronwihlessimulations are plotted in blue. Error bars in the top lefti¢ate the standard deviation for each set of
simulations, these are also color-coded. The horizonshethline indicates Galactidy.
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FiG. 15.— Best-fit results of simulations using four differerdl&ctic absorption values (see secfiod 4.4 fore more dit4il this figure, instead of presenting
the best-fit value oNy, as shown in Figurg]9, the value of excésis plotted against the disc-to-total flux ratio, where theessNy is defined as the best-fit
N value normalized by the Galactic absorption used in the Isitioms (N4 —NHo). Here, only best-fit values derived from thel.7 simulations are presented
for values ofkT;,=0.50, 1.00 and 2.25 keV, over flux ratios values of 40% to 100%te results from the main simulations are labeled by thekbthagonal
lines (with Nyo=2.78x10%%m2), the results from the NGC 4278 simulatiori$q6=1.76x 10?%m2) are shown by the orange lines. The results from the
NHo=5x 102%m2 simulations are plotted in blue and tho=1x10*cm2 simulations are indicated by the green diagonal lines. rEyens in the top left
indicate the standard deviation for each set of simulafitirese are also color-coded.
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FIG. 16.— A decision tree summarizing how the best-fit absonpti@lues from the PO and DBB single-component models fronsitnelations can be used
to determine spectral source states. In this figure thepiretation of each combination dl o) andNx(pap) is presented in the ellipses, where TD, NT, and
intermediate source states are given, including sourcisomol-disc components.
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FiG. 17.— A population plot presenting the andkT;, or I values of the eight sources presented in this paper, whet@hayoints are plotted for spectrally
variable sources to indicate the best-fit values from eaebtsd grouping. In this figure the left panel presdntskT;, for sources in a thermally dominant state
and the right panel preseritg-T" for sources in a hard state. In both panels the points remrése results from the spectral fits, witk Brrors indicated. Each
source is denoted by symbol and color, with labeling pradiglethe bottom right corner of each panel. In cases where sdwas been determined to be in
an intermediate state dotted error bars are presentede lceie of observations 2&3 for S102 the thermal and non-tilezomponents are plotted separately
in both panels and are indicated by dashed error bars. 1hythkT;, panel this point is not included in the main figure but withmiasert, where, due to the
cool temperature of the disc (0.14 keV), the x-axis has belsted to covekTj, values between 0-1.0 keV. In the mairL—kTj, plot the diagonal dashed
lines indicate thé. o<T* relation for BH masses of 5, 10, and 2Q\following the relation of Gierfiski & Done (2004). In the insert plot, in addition to these
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relations a line indicating. ocT4 for a BH mass of 500 M is also presented.



