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ABSTRACT

LVe present: the first Spitzcr Infrared Spectrograph (IRS) observations of the
[O IV] 25.89 Erin emission line detected from the ultralurninous X-ray source;
(ULX) in 1-lohribern 11. This line is it Newell. established signature of hi gh excita-
tion. trsiially a,5sochltfd with AGN. Its detection su ggests. that the t LX hers El

strong ina.pa t on the aurroirrrdizrg g , s. A Spitzer high resolution spectral map
shows that the U 1V[ is coincident with the X-ray position of the UI,X. The ra-
tios of they [O IV to lower ionization lines are similar to those observed in AGN,
sub gt.still, that a. strong LV and X--r€^y sortrce is re^sponsible^ for the, photoiorr-
iza.tion. The hest XNINI-.Veulon data is used to model the X-ray band which i5
then extrapolated into the UV. We perforin infrared and ultraviolet photometry,
arrd ase previosly published optical wind radio data to construct, the fall SED
for the ULX rind its companion. The prefered model to describe the SED in-
chides all accretion disk which dorrihrates the soft X-rays but contributes little
at UV wid opticil wavelengths. The opticM counterpart is consistent with a B

sapergiarit -' IS previously suglgesteel in other strrcfies. The holometric himinosity
of the 'ULX sugge,5ts the presence of an interine>diate-mass black hole with nnass
>85 1. for sub-Eddingt:on secretion or, alternatively, a: stellar-mass black hole
that is aecrethig at super--Eddington rates. In a follow-up Second paper Nve per-
forrn detailed photoioniz.1tion modeling of the infrared lineal in order to constrain
the bolornetric lurainosit y of the ULX.
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1. INTRODUCTION

The majority of our knowledge= of ultraluminous X-ray sources (ULXs) stems from over
200 observations of these objects by both Chandra a:nd.X1-IAI-Newton, (Liu & Mirabel 200,5).
The elevated X-ray lumiYlosities of ti:LXs have raised intriguing eluestious about their nature
and the source of the hard X-ray emission. A natural explanation for the s .1bstalitia.l X-
ray iunrinosit.ies is they presence of intermediate-wass black holes (IM13H, e.g. Colbert k-
Nlushotlky, 1999); ho-eve rer substand ating evidence for such objects is lacking (Stobbart et
al. 2006; GouE aloes k Soria 2006, Ber hea et al. 2008). Attention has switched to less € xotic
sources for the emission, such as beaming (Ding et al. 2001) or super-Eddington accretion
from a st.eallar UlaSS black hole, (Begelman 2002). l:aoth of which explain ULX X-ray- properties
without ail I -MBH. The idea is not far fetched, since examples of super-Eddingtou sources
have been found in our Galax y, such as GRS 1915-x-105 (Fender & Belloni 2004), V4641 Sgr•
(Revriivtsev et al. 2002) and possibly SS 431 Indeed SS 433 could be, an. example of both
beaming and super-Eddington accretion, the Combination of which could easily Explain even
the most himinoYts ULXs (Beg€ahuaan et al. 2006, Pouta-nell et al. 2007).

fiery little work has been done on ULXs at rzoll X-ray wavelengths, especially in cona-
parison with AGN and Galactic stellar-inass 1,)1aek holes. This is in part because, unlike
standard AGN, the emission from the accretion process itself is harder to detect at these,
wavelengths, Indeed, the X-ray,  to optical luminosity ratios in I.TLXs are at least ten tilues
hi gher compared to those seen in AGN ("Winter et al. 2007). To make matters worse, there
are no ULXs in our oWrY Galaxy (though SS 433 is regarded as a ULX by some authors),
and the stellar ULX companions are very difficult to identif y in other galaxies,

What little multi-waveleragt:h work done on L U LXs thus far has been executed primarily
with high resolution optical spectroscopy. In Ea few cases, ULXs have been found to have
all observable effect on their local environnYeut - developing ionized bubble nebulae of up
to 500 pe diaYaaeter (Paakull &-- Nlirioni 2002). These are much larger than regular supernova
reYnnants and energy estimates show that the bubbles are consistent with being; blown either
by= relat=ivistic; jets from al ULX, or abnormally powerful supernovae. In some cases high-
excitation lines have been detected, such as He Il A4686 (I.P. — 54.4 eV; e.g. AbOlumsoti et
al. 2007). Only very hot NVolf Rayet stars earl produce this line (Sc°ha.erer 1996). but the ULX
companions are not such stars (Abolniasov- et al. 2007). Therefore, the detection of tlae He 11
line muss; be date to the interaction of the ULX with the surrounding inedirnr). lilt eresti Yagly,



SS 433 is also sinroitnded by a 100 pc radio nebtda, W S0 (e.g, Fabrika 2€ 04). Vazquez
et al. (2007) conducted the first infrared spectroscopy study of ULXs. They
obtained high resolution Spitzer spectra of six ULXs in NGC 4485/90. Vazquez
et al. (2007) looked for the nnid-infrared [O IV] high ionization line, which has an
equivalent ionization potential to He II. However, appart from a possible weak
detection in one object in their sample (ULX-1, which is probably a supernova
remnant), [O IV] was not found in the NGC 4485/90 ULXs.

The importarrce of ionization nebulae for investigating X-ray sotrrc:es has lorrg been
rc alized, beginning; with the first. detection of nebulae around supersoft sotuces such as LMC
X-1 (Pakull & Arrgebatllt. 1986) and CAL 83 (Remillard et al. 1095) in the Large- lagellanic
Cloud (LNIC). The high-excitation lines observed iu mlbtzlae, st.r€:h as the He It recombirtatiorr
lines, can act as giant lrolorneters for the y ionizing UV and X-ra.y emission, thus allowing
the intrinsic hard spectral energy di.stributiorr (SFD) to lte inferred. Long;-term averaged
lurrrirrosities ctin be estimated and the UV emission constrained. This provides tremendous
valae when studying the nature of arnitiguotts ULXs_ becirttse the hnninosities estimated from
ionization are independent of X--ray spectral modeling estimates. In fact, such ltrr:nirrosities
are more acem Otte. because the X-ray-based estimates are in geiieral lower bounds and depend
on tho,viewiug; angle More importantly, the iouiza:tion-estir yrated htrnirrosities are time-
averaged estimates, i0iic:h is critiCAl for variable sources such as ULXs. This is especially- true
for ULXs with very few X-ray observations, since some of these sources can be transient. Orr
the other hand, photoionization modeling is depend€ tit orr army parameters which are ofttom
trot knowm very precih ly, such as the gas density, geometry, metalIicity etc. Contanrirratiort
from other ionizing sources is also a comers especially in crowded regions. However, when
used together, X-ray analysis €std phot:oionization modeling can provide good constraints
orr the ULX hxridnosity. For example, a simple comparison between the two estimates caxr
constt-ain the l:)eaming factor.

Cite of the most interesting examples of mi ionized nebula associated with a: ULX is
located in the chN a °f galaxy Holrnlaerg H (Paktill k- -Nlirioni 2002; Lelm aml et al. 200;x;
Abolmasov et al. 201)7). lie II is detected in a small nebazlax region arorrrrd the ULX, the
"Heel" of the "Foot Nel)t.rla" (Kaaret et M. 2004, KWZ hereafter). An OB star i, they likely
counterpart (KWZ). The morphology of He 11 enrissiorr and other opticE€-1 Iixtes is consistent
with the photoionizatiort of the nelmla by the ULX. KWZ coid rmed this with CLOt DY
shwilations. Miller et a1. (2005) detected extended radio emission from a —50 pe diaweter
regiozr coincident with the position of the ULX. The at.rt.hors concluc:le that the flux and
morphology of the radio emissiotr is incorrsisterrt with emission from a S\ R, or ati H 11
region, and is proixibiv- associated with the ULX. activity.
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In this paper and a. sul_)scquent, companion paper we use IFS Spitzer spectroscopic ob-
servations for the first time to constrain the underlving hard SED of a ULX. The IR ob-
nervations, when combined with previously Published optical and X-ray data, suggest that:
the powerful UV and soft: X-ray emission from the Hohnbe^^rg lI t LX photoiorrizes the sur-
rounding; r Tedium. In Section 2 we preseut the Spitzer IRS data alialysis and X 1'11W- J c wton

X-ray spectral fitting results. We perform additional photometry measurements with the
Infrared Array- Camera (IR.AC), the 'Multiband Imaging Photometer for Shittier (HIPS),
the European Photon Imaging Camera: (EPIC) and Optical Monitor (OM) instruments on
X11TII.I- _V r3 tvn and the Galaxyy Evolution Explorer (GALEX). Ili Section 3 we azralvze the
possible cunt-ribution of Self-irradiated accretion disk to the t;7V € nd optred fluxes. In Sec-
tion 4 we use our data and other published data to construct an SED of the Holmberg II
ULX. This is also used in the companion paper to further con y train the X-rays spectrum. In
Sections 5 and 6 we discuss the significance of the EO IV=, line detectioll ! compare the IR line
ratios with those of AGN and present the final observational results. A follow -up paper will
present detailed photoiorriza.tion analysis of the Spitzer data.

2. OBSERVATIONS AND DATA ANALYSIS

NV(, begin this section with a description of the Spitzer IRS (Houck et al. 2004) obser-
vation of the Holml)erg lI LLX. NVe next present: multi-wavelength photometry~ and
spectroscopy usedused in the subsequent section to construct the spectral energy distribution
(SED) for the ULX.

2.1. Spitzer IRS Observations

The data: presented here are archhyal Spltzr'r data, taken on 2004 October 4. as part
of the Legac,'y Program Spitzer Inf arcd Nearby Galaxies Sur?„cy (`SINGS Program 193, see
Kennicut,t, et a,l. 2003). The IRS sipectral neap is described by three parallel pointings and
five perpendicular at half-slit steps, for l:)oth Short High (SH, in the range; 0.13-10.6 pin) and
Lotrg High (LH, in the range 18.7 —x;7.2 Iii) modules. The. total exposure time was 241) s
for l:roth SH and LH observations. The data were preprocessed 1)y the IRS pipeJirle. (version
11) at the Spitzer Science Center prior to c mNmloarl. Spectral snaps were constructed using
"BCD-level” processed data: in conjunction with CUBISM (M)e Builder for IRS Spectra
Milps) version 1.5 r (Smith eat al. 2007-, Kennicutt eat al. 2003). The absolute calibration error

',1vadable of littp:' i5sc;_ pitx,€,r.cE^Itech.F: 3€i '€uc^1 <izcal cost:€ibi^tcdlc^ii^iS a ;
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on fluxes obtained with QUBISNI is —25%, (Smith et al. 2004

' Ve adopt a: distallee of 3.05 Mpe to Holmberg 11 (KWZ. 1" is 15 pc). The LH maps
obtainer with CUBISM have intrinsic sizes of 44.6" by 28.8" (670 pc by 430 pc), while the
SH maps are 24"' bby 13.6" (405 pe by 20.7) pc). However, iii order to avoid aperture effeCts,
the spectra presented here were extracted from likesizced apertures. Thus the SH and LH
spectral data rosult from an equall y sized aperture of 23" by 13.6" (340 pc by 205 pe), which
is only slightly smaller than the full SH aperture. XNe also extract spectra from the snia,llexst
apertures permitted by CUBISM=1: an 8.9" by 8.9" aperture centered on the ULX (i.e. 2 x 2
LH pixels, or 130 pc by 1:30 pe). We will refer to these apertures as the standard aperture
and the small aperture, respectively.

The high-resolution spectra; (10 pni-3"r l.i.m) for the apertures are plotted in Fig-
rite 1. Since the spectra: are extracted from matched apertures, the spectral lines in both
the SH and LH modules are properly:- calibrated and t yre continuum is properly imi.t:che d.
In Figure 2 we show in detail the 4 detected Imes, with the theoretical line centers. .LN-%e
used SMART (Spectroscopic Modeling Analysis and Reduction Tool, see Higdon et al. 2004)
version 6.2.6 to rneasure line fluxes. Only 4 lines were detected, the fluxes and upper limits
for lion detentions are presented in Table, 1. Here we show the results for both they standard
aperture and the small aperture. X e note that the O IV line is detected at a, signal-to-noise
ratio > 10. The spectral fines for the Holmberg lI galaxy are also presented in Dale et al.
(2008). The focus, of that paper was not the ULX in Holinberg 11, and as a result, the
extraction region for the relevant, spectral lines is larger than the apertures, presented here.
However, with this in mind, we find that our hire duxes agree reasonably well with those
presented in Dale et al. (2008).

They SH and LH maps for the 4 detected lines are shown in Figure 3. A false-color
Hubble Space Teloseope (HS7^ image shows the Foot nebula: in Hex emission, together with
the standard and small extraction. apertures. Because of the poor spatial resolution of the
Spitzcr spectral rna.ps, the emission for most lines is difficult to disentangle from the nearby
,tar--forming regions in the Foot nebula. This is especiaaly true of the lore-ionization lines
(Ne IIIJ, [S Ill]. and Si II]). The niorphologie5 of these= maps indicate that the y emission i5
likely coming from broth the UL,X and the surrounding star forming regions. However, while,
the low excitatiomr lines (Si 11' and IS HE are very extended, the EO IV-' emission is visibly
Compact_ The peak of the of the 1,01VI emission is coincident with the Chandra position for
the ULX, -with the majority of the emission concentrated in time 2x2  pixel region, overlapping
with the X-ray point source. There is a slight extension to the west and south that is visible
on the spectral map and whic-h may imply that the 1 01V emission is e=xtended. These faint
extensions correspond ti-ery well with two regions of young star formation risible in the HST
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image ill Figure 3.

KWZ found that the He II line. which Ims all ionization potential just slightly lower
than [OIVI (54A eV, compared to 54.9 eV). is also concentrated in a small region of 50 pe
diameter around the identified optical counterpart of the ULX. Because the spatial resolution
is limited, a detailed comparison of our reaps with the optical nl ips presented by KWZ cannot
be made. However. we, find that the morphology of our [0 IV! reap appears similar to He lI,
being brighter in they east and fainter and more extended in the west.

2.2. X-ray Observations and Spectral Fitting

NVe use X-ray spectroscopy to eroded they X-ray emission from the ULX, ^Ve also use it to
estirm.tte the UV emission by extrapolating the model to lower energies. X-ra y observations
of the Holrnherg; lI galaxy are avaihible from ROS'AT, ACA, X11LU-IV^^i^ ov. and Cliandra,

(Zezas et al. 1999; Nliyaiji et a1. 2001; Kerp et al. 2002; Kaaret et al. 2004 Gored et a.l. 2006).
The X--ray luminosity of the UT LX is in excess of It)" ('  erg s-1 in all observations, with the
exception of a peculiar to-,v and soft state in September 2002, when the luminosity dropped
to —5x1039  erg s-i (De=wangan et; al. 2004).

To model the X-rEiv spectrum we used the best available data from the longest (-100 ks)
X<1111--Ne'aton EPIC Phi observrition in the archive (Obs, . ID 0200470101, taken on 2003
December 5). The data were processed by Winter et al. (2006). M4,, used. XSPEC; ^-ersiorr
12.4 to model the spectrum between 0.3 and 8.0 keV. The X-ray Spectrum is the most
important cormonent,. of the total SED since it is the only observed emission that directly
emanates from the ULX, and is not coutauzina.t;ed by the surrounding star-forming re=gion.
For this reason we have taken many precautions in modeling the X-ray spectrum.

The (far) UV emission from the ULX is the lerst known. but the most important for
ionization. The only available rnethocl to estimate the shape of the UV is to extrzipolate
frorn X-ray models. The=refore. it is very important to find the right X-ray model to .fit, the
data, especially in the soft X-ray ])and. Three physically different models were used. Each
model contains different information about the riccretiorr process. The first model is vary
basic and is wi< eiv used to model the accretion process for stellar mass black hobs, t LXs
arrd other accretim, objects (Miller et al. 2004: McClintock & Remillard 2006; Wititer et: al.
2006: Feng k Kaa.ret. 2006). The second is a modification of the first model that is more
physic^,rlly realistic when extrapolated to lower energies. Finally, the third inodel is more
flexible: than the other two models in the LV and allows for a tighter fit ill the UV while
staying within the X t ry error burs. The intrinsic (unabsorbed) X-ray luminosity is >10`1"
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erg S- ' for all models. The results from the X na.rt ! spectral fits are listed in Table 2, and a:
st mrnary of the models is Ea5 follows:

1. Power-law Pius Multicolor Disk (PLMCD) Model: This is a. two-component
model with a. 3111.11ti-color accretion disk component (MCD, Mitsiida, et al. 984) and a
power-la x, for the hard tail. Following KWZ. the absorption column density watt fixed at
the Galactic valise of 3.42 x 10 '2(' cm , and an additional local <nlnsorption. (N fl ) anodel was
added. NVe ayslune a: local metalhcity of 0A Z;:, (see Kaaret et al. 2004, Pilyugin et al, 2004).
This is a very simplistic model commonly used to fit X-ray data for ULXs. However, the
nnodel falls apart when extrapolated to lower energies, where the power-law dominates. The
extrapolation is aetualiy physically unrealistic, since it is impossible for the disk component
to Comptonize lower energy photons. Dona ^ Kubota (2006) pointed ont that the power-
haw,  component in such cases needs to have a break kit low ciiorgies. in agreement with
the theoretical model where the photons from the disk are up-scattered in the hot corona.
Moreover ; if the power-law is produced by another mechanism (e.g.. a jet), it would not
extend down to the soft UV and optical spectrum bcc.a se the fluxes here would he over
predicted (see below. Section 4). Nevertheless, the model continues to be used extensively
in X-ray spectral fitting of ULXs. In conclusion this model clues fit the X-ray data- well
(A A,,2 /dof 1.14), but it does not. make physical sense when extrapolated to lower enemies.
It is shown here as a base., from which alterations can be made, resultin g in more physically
meaningf it models. The following model is one such modification to the PLitICD model,
and is more physically realistic when extrapolated into the UV.

2. Modified PLMCD Model: In order to isolate the y intrinsic disk emission from the
Comptonized disk emission, we fitted the MCD and power-law ioparately for two different
regions of the X--ray spectrum. NVe first fitted the hard tail with a power-law. The spec-
trum departs from this power-law around tin keV. Then we fitted an MCD model to the
0.3---1.0 keV band. The disk temperature (0.38 keV) is slightly higher than other published
fits (KNVZ obtained —0.2 keV), because wir fitting methods are slightly different. LoNver
temperature accretion disks are generally more effective ionizing sources. Therefore this
higher temperature model may l:)e viewed as a lower bound to the SED in the FUV Fund
soft-Xra^^ bands. ^Vc note that the Modified 1'L \,1CD cfiffers from they PUNICD model in
that the UV band is predicted from thc^ disk component rather than the €:xtrapohated PL
component. This difference yields a much more physically realistic interpretation for the
emission.

3. Broken Power-Law (BPL) Model: Finall y we also fitted. the X- ray spectrum to
a simple, broken power - law model. Kaaret et al. (2003) fit a similar model to the ULX in
NCC 5408. Such a model could be explained if the emission from the companion star were.



Conrptonized by a jet (Georga:ar-opoulos et al. 2002). This mode]. is rnneh snore flexible in the
UV than either the PLIIC`D or the Modified PLi1ICD models, and car p predict they slope of
the SED in the UV while siniultaneously fitting the Hard power-law component in the X-rays
within the error bars of the X-ray inea4urernents. Surprisingly. this "dinple model provides
a. very good fit to the X-rav data, butter than the PLMCD niodel. The }.creak energy is at
LO keV. the saine energy at which we spit the two coinponents in the Modified PLXICD
model (2 above). Finally, we. note that, even if this nrodeI has a. power-Law less steep than the
PLiIICD rnodel at lower energies, it is still overpreclicting the soft UV and optical eanission
according to our plot=ozaaetry results 4, below). A 4iuila,r overpre diction at lower
energies way found for this model by Done k Kubota (2006) for the C Zdact-ic binary XTE
.)1550--564 when at high accretion rates (in the very high state).

2.3. SED of the ULX: Multi-wavelength Photometry

Ira order to constrain ULX multi-wavelength SED. we perforrrrecl photoinetr=y in the III.
and UV using ' p'dzcr•, X11,I111-XevIon and GALEX ctata:. NVe also incorporated previously
published optical and radio data from HST and the VcrIj Large Array (VLA). A short
description of the data and the nreasurennents are shown in Table 3. All our photornetric
me rasureme ilts were extracted frond an aperture of 50 pc diameter (3.3"). We used they
optical counterpart identified by KWZ to center the extraction aperture (see: Fig. 3). Aspect
correction for the IR end t V ia:aaa:ges was performed using bright sources in field. such as
the foreground star seen in Figure 3. The measurements presented in Table 3 represent.
the into grated luxes over this region, including the nebular emission and the contamination
from other nearby sources. They should therefore be considered upper bounds to the intrinsic
ULX contribution.

IR Photometry. IRAC rand MIPS images (see Fib;. 4) were taken as a pert of SINGS
Progrtarn 105. LVe extracted 3.6 pin and 3.0 pin fluxes using 50 pc dianiet-er €a.pertures Centered
on they ULX position. For the NTIPS 24 jan photornetry, we used a. 100 pe extraction aperture
and then divided the flux b'- four to obt=ain an appr^oxiinate flux for an equivalent 50 pc
aperture. Vey followed the standard extraction procedure and conversion factors provided
in the IRAC Dcat;a, Handbook;'. The pipelines mosaics for IRAC and MIPS are accurate to
within 2(}i€;.

UV Photometry: X11-LVf- Xctvton Optical -Ioiaitor (O^t) inniges of Holmberg II (Fig. I)
are available in the LVW1 hand, which is centered at 29l0A(FWH-NI 62€)A). kk`e arse the

'lai;i.p: i /sse. ;sit:rf:3r.c;Eattecla.eci ij inu€ h
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mosaicked image created for the Optical Monitor Cat clog (OXICa-t, Kuntz et al. 2008), which
has an hriproved coordinate correction ( better than 0.5") over the automated pipeline. To
naea'sur€: the LVW1 count rate si re used the XI-ITAGE software included if] the HEAsoft
package, V€ converted the count rate into flux ushag the conversiou factors listed in the
X.'ILW--Ncwton 5cierwc Analysis Systern. C -scr s Guide'. XNe obtained a UVWl magnitude of
1.8.42 ± 0.06, which corresponds to a luminosity of 8.3 X jO3 erg s—a and a flirx density of
33.1 ± O.1 pJv. The ONI inia.ge in Figure 4 shoNvs that the= Foot Nebula has Ea strong; UV
emission which peaks on the OB association of stars seen in the HST iniage of Figure 3 west
of the ULX. The total UVW1 fltix for this UV bright region (including the ULX and its
optical counterpart.) is ecluivalelit: to 29 O5V stars. Figure 3 shows that these ):)right, stars
have apparently blown a ca-,ity in the NW past of the nebula:. thus producing the "Sole"
and the "Toes" of the Foot nebula. ti rVe note that these cavities are correlated with t1w,
faint extended [O IV emission seen in the C"l; BISXI spectral inaps (Fig, 3). The 5trollgest
enisission of Ha, is however in the He=el that hosts the ULX.

We also used archived GALEX observations, taken as a part of the GALEX \ca:rby
Gal,Ldes Survey (NGS, Bianchi et al. 2006). Photometric fluxes were extracted from the
FUV (1330-2013 A) and NUV (1750-2013 A) bands with the XLVAGE tool. The GALEX
ini ages have a lower resolution cornpa.red to O' XI, but they show similar features.

Published Radio Data: Finally, we sea-relled the literature for published photomet-
ric data for the Holmberg I1 ULX, Using radio t%LA data, Miller et a . (2005) ineasured
1.171 ± 0.0085 in.1y at 1.4 GHz and 0,677± 0.207 n0y at 4.86 GHz. Miller et: al. (2005)
found extended emission covering the Clarindra position of the ULX: 3.7" by 2.7" at 1.4 GHz
and 3.4" by .f)" at 4.86 GHz. These are comparable to the 50 pc ex-traction region used in
the IR an( : photoinetry.

Published Optical Photometry: In addition, KWZ measured a: V-band magnitude
of 22.04 ^ 0.08 for the stellar optical counterpart from ol)servations with the Advanced
Caniera for Surveys (ACS. F55O'X1 filter, seta Fig. 3) on the HST. The optical flux is likely
less contaminated by the nebular emission or emission from other sources compared to our
nwasurenients, because of the inuch smaller aperture.

Extinction Corrections: The :Milky kVay reddening in the direction of Holmberg 11 is
E(B—V) 0.032 (from the -NASA  Extragalaet:.ie Database). KWZ estimated an additional
local reddening of E(B—V) -- 0 071 ± 0.01 based on the X-ray absorption. Thus the total
extinction for H.r, == 3.1 is Ar^ � 0.32. tVe show the projected extinction and the extinction-
c.orrec,ted valves for the UV and Optical dataa in the last two colurnns of table Tahle 3. These

3'htt,]):,', xmna 2 es2t 	 rEext(:'rltA/XTI)in_I.Iser-. 'Tlpport. /docl111len ationI
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were calculated using the Cardelli et, al. (1989) extinction curves. For the infrared data, -,vz,
estimate from Dra.ine (1989) that the extinction is Ax _ 0.02, and therefore negligible. NVe
note that the photometric fluxes present(.'(] here; are likely eontaaminated b y the surroun(ling;
nebular eiiiission rLs is evidenced by the HST ini a es in Figure 1. Moreover, KWZ ew.ition
that the local extinction could in fact occur very closeto the compact object and therefore not
affect our Yraeasurem.ents at all. N e. will therefore take the (extinction--correcte(l) photometric
mea.surements as upper bounds.

3. SELF-IRRADIATION OF THE ACCRETION DISK

While the XICD ramretiou disk model is a. good approximation of the UV continumn to
first order, it does not account for self-irradiation of X-ray photons caused by thickening of
the accretion disk at the outer edges and relativistic; effects oil X-rays enlitted, from the
inner regions of the disk. Ira Galactic: X-ray binaries. this reflected ra.cliation has been shorn
to increase the optical luminosity of the accretion disk b'v as much as IS' (Sranbuichi et ail.
1993; Vrt:ilek et al. 1990: Rc.xnivtsev et al. 2002). Thus if irradiation were containinating; time
L V emission in the Holmberg 11 L LX, such za inocleel must be included in the final fit.

N,'e therefore checked to see if X-ray irradiation would affect the ionizing 1 V emission
from t.lie Holmberg 11 L LX. or eoritributee significantly,- to the flux of the optical counterpart.
Following Sanbuichi cat al. (1993), we, modeled the expected SED of an irradiated disk for
black holees of mass 10. 100 and 1000 :1\I,., and with varying secretion disk rradii. Here the
accretion disk radians is constrained by the size of the Roche lobe, and is therefore dependent.
on the spectral type of the cornpamion star. NVice find that for stellar amass black holes,
irradiation affects the accretion disk model significantly for most. companion spectral types.
However, for intermediate black hoie inassee *s, irraeliation is only important to systems with
late- ty"]3e: SUI:)ergIant companions.

In Figure ) two examples of irradiated spectra. are plotted. These represent typical
spectra, for stellar-mass BHs (10 ll , ;) aura IXIBHs (1000 . In the latter case, an accretion
disk typical for a system with an l-supergiaiit was used to illustrate the effect of irradiation.
Only if the WBH has such companions is the self-irraelia.t:ion effect significant. However.
we note that all M-supergirant companion is not consistent with the observations for the
UX in Holmberg 11 (see Section l below), As can be seen from this blot, in both cases'
the im-.Idira.tiou doluixiates the optical an(l nerar-111. spectrum much .inure than the (TV band.
Thais we c•oncludo that while irradiation nYay be important to nzoclel in the optical ,spectram
of a: system with a stellar mass black hole it is likely not dominant for an TNIBIJ sv5teez11.
Finally lve conclude that. the irrruliat,ion sloes not affect the detected IB lines;. _klorceover,
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because the m a.salred fla.lxcs are much higher than the predictions from the accretion disk,
self-irradiation is not likely to llla.ke a significant con.triblltion to onr measured th xes at any
Wi Ivelem-tll.

4. SPECTRAL ENERGY DISTRIBUTION (SED)

Using the measurements and the X-ray models in Section 2, we construct the SED of
the tiLX 1lsirlg the IR, optical, !UV  and X-ray photoluc=trio uleasurentents. The final SED is
plotted with the continuolls black line in Figure 6. All photometric- measurements described
111 the previous section were extracted from an aperture of — 50 pe centered oil the ULX
(Fig. 4). The photometric measurelrlents presented here are likel y contaminated by the
surroaallchng star--foaming regions west of the 1 LX (sec , the HST image in Fiv, 3 and the 01\1
image of Fig. 4). As a resl.11t, in constructing the SED we assillne these are upper Bounds to
the 1 LX emission.

X-rayto UV Band: The 11 V band is responsible for producing the IR, eluission lines,
however it is al ,,o arlfortunately the most ambiguous to fit. - Ve found that both X-ray
models that have power-law components extending to lower energies (PLMCD and BPL),
over-predict the measured fluxes if extrapolated into UV and optical. Therefore we. use the
Modified PLMCD model to ext:ra:polate the X-ra y spectrum to lower energies- Here, the disk
emission can be approximated as a simple power--la-kv with photon index 2 ,1`3 -or onergy index
1; 3 see ^litsuda, et al, 1984), since, this extrapolated disk component is a superposition

of numerous black bodies representing the integrated eluissiolr from the disk at the various
temperatures and radii. At optical energies, this model predicts a drop in flux due to the
finite size of the accretion disk (see Fig. 5)-

Optical Sand: The disk model was further extrapolated into the optical,optical, where the
companion star dominates the SED. KWZ found that star, within the spectral type range

13311) to 04V were consistent with optical. data. Based also on the UV fluxes presented here
we chose a. B211.) salpergiant tis the optical comiterpart:. The 11"V fluxes seem to be too low
for <l l 05V star. The model for the 1321b star is part of the ATLAS9 Model Atmospheres
(Castc^^lli Kr ILllrucz 20{ 4), with a, tenapel°ature of 18x[)(3 K arld a 1uu llo5ity of ax 10 31 ergs'.
Figure 6 shows that the sup rgia.nt. emits very few photons that can impact the ionization.
On the other baud, an nJV star provides a sigrlificamt flux above 13.6 eV, but is equally
deficient above they He II edge.

Infrared and radio Band: At longer -wavelengths. from IR to radio, we used a, broken
power - law to approximate the SED. These photometric data are vievved as upper bounds



since the ULX flux is likely containinated fly the surrounding star-forming region.

5. DISCUSSION

5.1. The SED of the ULX in Holmberg II

In Section 4 and Figure 6 -eve constructed the y full SED for the Hohnl)erg I1 t'11X using
multi-N avelenr^;th date), and previously pul)lishecl data. The 1)olouietric, hin inosity for this
SED is 1.34x100 erg s, wh(ri the far-UV spectrum is extrapolated from the X-rays, rising
the 1-Iodified PLMCD rnodel fit. Table 2 illustrates the c egc ncracy resulting from the three
inethods for X-ray spectral fitting, All three show a fairly good fit to the X-ray- data, inaking
it very difficult to distinguish hetwcen the clifferent physical interpretations , that each model
represents.

The optical and UV fluxes plotted in Figure 6 can, in principle, c:oine frorn three different
sources: the stellar coixipanion, the.accretion disk. andfrom ajet. Hc)wever, the overall SED
shape and in pa,rticul€rr the fact that the optical flux is much o-wer than the UV flexes,
disfavor the jet scenario as discussed 1)elow. On the other hand, the einisrsion frorn the disk
in the'loclifiecl. PITCD zuodel is too faint a:G c^I)tieaa and L'ti' ti^rn^^elengths if cxtr^:poh^aed
from X-rays and requires an additional source. Previously published optical date, and our
IJV ineasureniC nts suggest that a ^13211) sta6r is, the SOUrCe of these fluxes as the Con"ipalnon
to the accreting BE LVe explore this further in Paper 2.

The fact that the PLMCD model owerpredicts the UV and optical fluxes if extrapolated
to these. Nvavelengths is expected, 1)eciiti.5e the power - law cannot extend too ankh below the
peak of the accretion disk (e.g. Done &r Kubota 2006). On the other hand, it is intriguing
that the simple broken power-law model (BPL) provides such a good fit to the high -duality
X-rav data. Moreoti-er, the loc---ation of the break (—I keV) in this case is in agreeinent with
the jet ni€>del. kaaret et al. (2003) fit a very similar inodel to another fanious t LX in
XGC 5404. It has been shown that jets can contril)ute significantly to the X-ray emission,
1)oth by optically thin synchrotron emission and Coulpton scattering of the photons frorn
the disk (or the cou panion) by relativistic electrons in the jet (Georganopoulos et al, 2602).
However, even if the power-laxv is less steep co.iripared to the PLIIICD model, it is still
overpredicting the VV and optical fluxes and is therefore not the preferred scenario.

-Much 1)ettor constraints are provided 1) .y photoionization 1110deling of the Spit ('. tr spectra.

The [0 IV] line is only produced I)v high energy photons Q: 54 eV), and is clea.rl' asisociated
with they ULX (Fig. 3). For instance, the PLMCD inocel predicts n poNver-laur
c()rnponent with photon index of 2.4 €:lonrina:ting into the t'V. This inoclel has the strongest
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emission of the three models in the far UV and soft X-rays, and should produce the strongest
[O IV] emission. In this. case, photoionizatiou modeling, call be used to predict. the p IV]
flux predicted front s€rch a model, and this predicted flux can be corrhpare=d with out observed
values. In a: Companion paper (Paper 2) we present= the results of such a phot€ ionlzatlou

ahhalysis in all attempt to dist:irhgari.slr between the three X-ray models presented there.

5.2. Characterization of the Optical/Mid-IR Line Ratios

The ionization potential of [O IV] is ,just above the He? II edge so both lik-( I y result from
similar regions in the nebula and a quant.itative compaxison between previously published
optical observations and the mid-IH observations corn be made. KWZ found that the He 11
recombination line is consistent with photoionization by the t LX. The flux of our [0 IV]
line is almost three: times higher than the He 11 f1wx meas.ured by- KWZ (2.7 x 10` 6 ("'rg s"-I).

LVe compared the mid-II3, line ratios of the LLX with those in AGX. XGC 4395 is one
of the few known galaxies that is likely powered by an INIBH (Filippenko k^ Hu 2003). It
has ra. bolornetric huninosit=ti- very close to our ULX, and high-excitation emission lines Nvere
detected. The narrow-line He 11 measured by Kraemer et al. (1999) for XGC 4395 relat=ive to
H`3 is 0.12, a value typical for Seyfertl galaxies (Dietrich et al. 2000. For the Hollriberg 1I
I LX, He II/H,:3 ;^z 0.2 (KWZ)-l. slightly higher than for XGC 4395. The 'O IV] Irheasured
from XGC 4395 is almost 16 times larger than the He 11 flux (Kraemer et zhl. 1999). However,
the gas density is close to the critical density for this line (10' ( ,rn -:') -- much higher than
the derhsitv of the gaa", surrounding the 11oln1berg II L LX (KWZ estimate 10 cin", Raised on
the line surface brightness predicted with CLOUDY). The [O IV] is expected to increayse as
it approaches the critical density, while the He 11 is not sensitive to the gas density_ An even
more importzl.nt clifference is the abundance of O. which is 5 times higher for XGC 4395
(Kraemer cat al. 1999). The dependence of the [0 IV] on the , abundance is expected to be
roughly Iirrea-r. In spite of t=hese two differences, ive consider the O IV? (and He II) detected
from the Holmberg H ULX to be consistent witlh photoionrzation by a high energy source
similar to the AGX in XGC 439:5.

The infrared [0 IVI line (together with [Xe V]) is a signature, of high excitation usaally
associated with actively accreting T.Aack hol es (e.g. Lutz et al. 1998). This line is often used
to disentangle the starburst € mission In composite, tvpe r ahtxie.s, and is a good indicator
of the AGX power (Gen/el et: al. 1998; Sturm et al. 2002; Sat 'vapal et al. 2004; Smith €:'t
al. 2004 - Satyapal ct al. 2007: Nlel6ndez et al. 2008). Genzel et al. (1998) and Sturrn et
al. (2002) have used the ratio of [O IV]; \e I1] to (list inguislh bet«een ,staxbursts and AGX
dorn.inahted galaxi(>, in the ri id^-1R. lu Fignre 7a.^ we compare the Hohh^iberg 11 t LX with data
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published by Genzel et al. (1998). The comparison clearly indicate high excitation for the
ULX, 5rnrdar to AGN.

Other infrared line diagnostics laaNc been proposed 1)y Dale et al. (2006, 2008) to dis-
entangle AGN type ionizing sources from star formation. using the ratios, [S 1111 33.48 pw
j Si 111 34.82 /an and [Nei HI -Ne II]. Figure 71-.) sbouvs the four regious defined 1)y Dale
et al. (2006) in their Figure 5, and their pul)lished data for different sources in the SINGS

saraaple. The Ifo rnl3erg 11 ULX is located well within region 1, together ^'vith most AGNs and
1NER:5. We note that Vazquez et al. (2007) found similar results in their Spitzer

IRS study of the NGC 4485/90 CULXs. However they did not fired clear evidence
for [O IV] in their sample of objects. In examining this data further we find
slightly discrepant ratios from Vazquez et al. (2007). From our analysis, only
ULX-2 in their sample actually falls marginally inside region I, the other five
ULXs being located in regions II and III. In communicating with the authors
we find that the discrepancy is likely do to differences in reduction pipeline used
for processing or the apertures used in either analysis.

Both diagnostics diagmins suggest that the [O IV] oniission in Holmberg 11 is donrinratced
by the ULX and that the surrounding star forming re.gions provide little contarnina:tion to
this liuce. While this compar son provides good evidence that the line ratios for the ULX
are very similar to AGN, ww. note that AGN are different than LLXs. both in their intrinsic
ernission and their environment. For example, AGN emit copiously in the. UV and optical,
and are surrounded by ga:s at bi-h densities.

Dasyra et al. (2008) found a good correlation [wt'%a-een the luminosity of the [O 1V] lime
and the zIrass of the central BH iii staud<ard AGN. We estimate a BH mass of 3.5x 10' 4 1I;.1 if
this correlation is extrapolated to the. Holinberg 11 ULX. NVe can also estinnate the BH mass
using the inner disk temperature frown the N;todified PLMCD model (€}.38 keV). NVe obtain a
1311 rna:ss of 994 lI Hoavever, the flux of the XICD disk coxnpone t. does not € oininate the
X-ray ernission (is orrl y 49`,,/c of the total flux). This scenario would iinply that the -U,, LX is not
in a typical high state_ and therefore the inner disk ternpenature cannot be used reliabl y to
Estimate the mass of the BH (Stobbart et gal. 2006). Finally, using the bolonretric hurainosity
calculated frown our SED (1.34 x 10'0 ergs - '), arc estinrat..e that the loNk7er limit, to the mass
of the, c:entna.l BH, within the Eddington regina€e, is 85



.. 1 J

E. CONCLUSIONS

They detection of the "0 IV line frorn the Holmberg II ULX indicates strong UV and soft
X- ray emission. This line is commonly- used to €Imrntify the AGN power in Seyfert galaxies.
The ratios of this fine to lower-ionization lines are comparable to those in AGNs and suggest
that the OIV[ emission in Holinberg 11 results from the ULX and not from the surrounding
star forming region . The mid-III line ratios indicate that the intrinsic luminosity of the

ULX must lie very- high_

The SED comstructed based on the X-ray spectral modeling, hV and infrared photom-
etry, and previously published radio wid optical data suggest that the ULX companion is
likely .similar to a B211) supergiant. The accretion disk is not expected to contribute very
much in the optical. They overall shape of the SED semnns to favor the accretion disk emission
as the dominant component in the soft, X-ray and far tV, and is therefore likely responsible
for the. photoioniza.tion. In the ace.ornpanying paper (Paper 2) we perform detailed pbo-
t;oionizatiozn modeling to provide further evidence that the detected [0 IV1 line is consistent
with the ionizing emission front the y UTLX, and to better constrain the three X-ray models
presented here.

C. T. B. is grateful to Lisa Winter for allowing us to use the process-ed _VMIV-IV(-,u?torn
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Research Program. This research has made use of the NASA/IFAC Extragalactic Database
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ogy, under contract with the National Aeronautics and Space Administration. This work
is based on observations made with the Spitzer Space, Telescope, which is operated by the
.let Propulsion Laboratory, California Institute of Technology arnder a contract with NASA.
S^MAIIT wk vs developed by the [RS Team at Cornell University and is available through the
Spitzer Science: Center at Caltech. tVe thank the referee for very helpful and constructive
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Table 3. Multi-wavelength photornetrY measurernents
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Fig. 1. Fill IRS spectra obtained from matched apertures with CUBISM froin the two
apertures slw-vu in Fin. 3 : a.) The standard aperture.. just slightly- shorter than the SH
aperture. b) The small aperture, this is the srnal est extraction aperture, possible for rnatchecl
spectra LIB I)Ixel5_ By corrrparirrg the spectra it is evident that the '0 TV is € l€ :l:rly
concentrated ill the small aperture.



0.08
[Ne 111] 15.55 pm

0.06

x

0.04

	

0.02	
15.4

	

0.08	
I	 '	 '	

t

[0 Iv] 25.89 pm

0.06

x
€).04

0.02

0.08

0.06

0.04

15.6	 15.8 vTt

0.1

3

0.05

f

1S S[p 18.71 pm

lsl i1] ^ H2 ^,^,

>A	 18.6	 18.8	 19

21

25.5	 26	 V	 34.5	 35
Wavelength (pm)	 Wavelength ([1m)

Fig. 2. - Details of the detected infrared lines in the spectrum of Fig. la. The vertical lines,

show thy. theoretical center for the lines at rest (dotted) and red-shifted (solid). NVe, used the
recessi011al V010MV Adopted by KWZ (157 kni s-1),
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Fig. :3.-- HST ACS false-color image of the Foot nebula iii Holmberg 11 (left), and the
Spitzer spectral maps of the infrared detected lines (right). The colors in the HST ima. e
correspond to the following filters: 814W (red), 658N (green, Ho:) and 550M (blue). The
spectral maps are: [Xe 1111 15.56 tarn, [S 111] 18.71 fO IV', 25,89 p1n, [S 1111 33-48 jim and

]Si 11] 34.82 jim. The units on the colorbar are W m-z sr - '- The apertures used to extract
IRS spectra (standard and the small aperture, see Section 2.1) ^ are overplott.ed on all images.
In the HST image we also show the whole LH map for coniparison with the L,H rllaps shown
at right. The 17LX optical counterpart identified by KNVZ hf,cs the appears-ince of a bright:

stair in the FIST image, close to the center of the small aperture, and its position is shown

with a green X on the spectral inaps. It is located at the center of the Heel of the nebula - the
round-shaped strong Ho: emission, at they center of the small aperture. An OB association
of stars is seen west from the ULX (see also they OBI image ill Fig. 4). They appear to have
blown a large bubble in the gas, creating the "Sole" and 'Noes" of the Foot nebula. The
low-ionization lines are probably contaminated by these stars. S0111 e. €011t,"IT11illatlon Is also

produced by the bri ght fore=ground star , seen on the HST hna.ge. just; inside the standard
aperture, close to its northern edge.
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Fig. 4.- 5'pitzFr IR.AC (Spin filter, left) ( U VW1 filter ; right) images
of the Foot nebula, The aperture used for the ULX photometr y is shown as a, small eircle.
At the Holmberg Il distance, it has a diameter of 50 pc. With dotted lines zve show the two
apertures used to extract the IBS spectra. shown in Fig. 1. The larger aperture continuous
line) corresponds to the whole LH Wrap. Notice that the bright star which contaminates the
hrfrared emission in Fit;. 3 is ver - faint in the UV irnage. The strongest UV emission in the
nebula is located west of the ULX and it originates from the OB association better seen in
Fit;. 3 .
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Fig. ). Examples of irradiated disks spectra. The higher flux spectrum is calculated for Ea
1000 Nxl : BH binary and an outer radius of 10" cm. The lower spectrum
is for to stellar-z ass BH binary of 10 Nt.,, and two disk sizes: 3x 10 11 cm and 10' 2 cm. The
continuous lines show the total ,spectrum, dotted lines the spectrum from inner disk. riot
affected by the irradiation, and the dashed lines from the outer p -ut. The vertical li marks
the [O 1VJ ionization edge.. The reprocessed plrotoxas have energies below 10 N. and therefore
not ionizing, All cases assimre accretion at Eddington luminosity.
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Fig. 6. - This figure shows the SED constructed in Section 4. The radio data is from X-filler
et al. (2005), the V-band magnitude: for the optical counterpart of the ULX is quoted from
KWZ. Our measured fluxes from IBAC, MIPS.. ONl and GALEX are uppCr l)OUnds, and
therefore our model is below these data points. The two stellar spectra correspond to the
spectral types range consistent with the colors and magnitudes in M'VZ. The X-ray' clata^ is
from the ong 0100 ks) VAIII--Neu1on observation ID 0200470101. The Modified PLMCD
model was obtained by fitting the MCD and power-law,  components separately as explained
in the text. The other two X-ray models, PLNICD and $PL are also shown extrapolated
to lower energies, th€ly elrealy ove'rpredict the UV and optical fluxes. The tQ IVJ edge at
j4. c33 eV is shown as a. -vertica:l line.
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Fig. 7. Ratio line diao-nosties comparison between Holinberg 11 ULX and ether extragalac-
tic ionizing sources: AGN, strirburts, etc. Its position in both blots indicotc a: Source very
sinrilar to AGtis and LITER.s. a) Diagnostic that Itses the [0 IVJ line normalized to t.lie
[Ne 11 line. The A..GN, starb arts and UJARG data is taken from Genzel et al. (1998). 1lany
of the starburts and L-LIR.Gs are actually upper limits (see Fig. 3 of Genzel et lal. 1998). For
Holmberg 11 L.^LX we show the lows-er limit because [:fie 11] was not detected, b) Diagnostic

plot that uses the S HE and [Si IF lines to distinguish betvve gin different Sources, NNe plot:
all the data presentee) by Dale et al. (2006) (tbeir Fig. 5), which includes: Se lyferts, LIN-
ERs, sta.rburt galaxies, H 11 regions and extIanuclear star-forinrng regions. For Iloltuberg II
I LX we show the loN er and ripper hinits because [Ne II] and [S 111], respectively, were not
detecic'd.


