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Ultraluminous X-ray sources (ULXs) are bright extragatasburces with X-ray luminosities abou®?® erg/s powered

by accretion onto compact objects. According to the firstlists performed with XMMNewton ULXs seemed to be
excellent candidates to host intermediate-mass blacksliolg—* M ). However, in the last years the interpretation of
super-Eddington accretion onto stellar-mass black halemotron stars for most ULXs has gained a strong consensus.
One critical missing piece to confirm the super-Eddingtaenacio was the direct detection of the massive, radiatively
driven winds expected as atomic emission/absorption limésLX spectra. The first evidence for winds was found as
residuals in the soft X-ray spectra of ULXs. Most recently ieare been able to resolve these residuals into rest-frame
emission and blueshifted( 0.2¢) absorption lines arising from highly ionized gas in the glbégh-resolution XMM-
Newton spectra of two ultraluminous X-ray sources. The compacecikis therefore surrounded by powerful ultrafast
winds as predicted by models of hyper-Eddington accretitare we discuss the relevance of these discoveries and the
importance of further, deep, XMNilewton observations of powerful winds in many other ultralumindigay sources to
estimate the energetics of the wind, the geometry of thesystind the masses of the central accretors.
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1 Introduction tude above the classic Eddington limit (super-Eddington or
super-critical accretion). Super-Eddington accretiom loa
Ultraluminous X-ray sources (ULXs) are extragalactic; offexplained with several models: photon-bubble instabitity
nucleus, point sources in galaxies and have X-ray luminos$hin disks (Begelman 2002), inefficient regime of accretion
ties that exceed the Eddington limit for a 10Mlack hole in slim disks (Kawaguchi 2003), and radiation-supported
(BH), or 10%? erg/s. Early detections of ULXs were possithick disks (Poutanen et al. 2007). Geometrical beaming
ble with theEinstein observatory (Long & van Speybroeck(King et al. 2001) may provide a further increase of lumi-
1983). In the last two decades, X-ray surveys have obosity in the line of sight, although observations rule out e
served hundreds of ULXs with different facilities (ROSAT treme beaming in ULXs (e.g., Berghea et al. 2010; Moon et
Liu & Bregman 2005Chandra, Swartz et al. 2004; XMM- al. 2011). Super-Eddington accretion is another crucial in
Newton, Walton et al. 2011). Two main scenarios have beegredient to understand SMBHs growth because the discov-
proposed to describe the nature of these exotic objects, bety of fully grown SMBH in early stages of the Universe
implying accretion onto compact objects. requires long periods of high accretion (Fan et al. 2003,

One scenario proposes ULXs to be powered byolonterietal. 2013).

intermediate-mas$10%~*1M) black holes (IMBHs) ac-  y|xs enable both the study of super-Eddington accre-

creting in a sub-Eddington regime similar to the welljon and the search for IMBHs and, therefore, have an im-

studied Galactic BHs (e.g., Kaaret et al. 2001; Miller et aortant impact on cosmology.

2003). Probing the census of IMBHSs is a crucial ingredi- _ ) ) )

ent to understand the growth of supermassive black holes The first masses inferred dynamically from optical data

(SMBHSs) powering active galaxies (Kormendy & Ho 2013)(evealed_ two ULXs to be powered by compact .objects with

These objects are also the most likely explanation for t{gasses in the stellar-mass black hole range (Liu et al. 2013;
far bright end of the ULXs, called hyperluminous X_rayl\/lotc_h et al. 2014). The detection of brlght_rad|_o emission

sources, whose prototype is ESO 243-49 HLX-1 (Farrell &pnfirmed another stellar-mass compact object in a trahsien

al. 2009). Its outburst and spectral states are similareo tfource in M31 (Middleton et al. 2013). M82 X-2 shows
sub-Eddington Galactic BHs. pulsations, which indicates a neutron star as the accretor

The other scenario describes ULXs as stellar-mass bla achgtti etal. 2014)' A clear downturn has been detected in
holes or neutron stars accreting several orders of magm—OSt hlgh-q.uahty XMM~Neton and NuSTAR ULX spec-
tra at energies of a few keV (e.g. Roberts et al. 2005; Sto-
bbart, Roberts & Wilms 2006; Bachetti et al. 2013; Walton
et al. 2014). Most ULX X-ray spectra can therefore be de-
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scribed by a combination of a hard component showing this
downturn and a soft excess, which is not consistent with the
classic sub-Eddington BH accretion states.

In a most recent work, Pinto et al. (2016), we have dis-
covered the presence of rest-frame emission and blueghifte
(0.2¢) absorption lines arising from highly ionized gas in
the deep high-resolution XMNNewton spectra of two ul-
traluminous X-ray sources: NGC 1313 X-1 and NGC 5408
X-1. These features resolved the soft X-ray residuals that
were earlier detected in the spectra of these and other ULXs
taken with the European Photon Imaging Camera (EPIC,
CCD) at moderate resolution (Middleton et al. 2014, 2015).
This discovery was further strengthened by a follow up pa-
per in which we detected its highly energetic Fe K counter-~2
partin the long-exposure XMNNewton CCD and NuSTAR
CdznTe spectra (Walton et al. 2016). The discovery of the
long sought powerful winds in ULXs provides further sup-
port to the scenario of super-Eddington accretion and @ thi
paper we discuss the relevance of these discoveries and the
importance of further, deep, XMN{lewton observations of
powerful winds in many other ultraluminous X-ray sources
in order to estimate the energetics of the wind, the geometry
of the system, and the black hole masses.

S
-+
[19]

2 Soft X-ray spectral features of ULXs

It has been known for a decade that soft ULXs show resid-
uals to their continuum spectral fits (e.g. Stobbart et al. Energy (keV)
2006). It was not clear whether they were produced by the

hot phase of the interstellar medium of the host galaxies'9- 1 _Soft X-ray residuals to continuum models for 6

by gas shocks in the optical nebulae around the ULXs ('.)Jr,LXS' The objects are: (a) NGC 1313 X-1, (b) Ho IX X-
(c) Ho Il X-1, (d) NGC 55 ULX-1, (e) NGC 6946 X-1,

by the gas accreted onto the compact objects. Middleton]et .
al. (2014) investigated the residuals in the archetypal BIL nd (f) NGC 5408 X-1. Tr_\e spectral datg are shownin light
NGC 5408 X-1 and NGC 6946 X-1, and found that the lue and plotted as a ratio to the best fitting model, and an
can be explained as broad absorption lines from a partia ponentially smoqthgd function is plotted in_ red to high-

ionised and blueshiftet ~ 0.1¢) medium in agreement ight th(_e commonality in the shape of the residuals. Figure
with absorption from the optically thin phase of a turbufrom Middleton et al. (2015).

lent outflowing wind, located outside the last scattering su

face of the optically-thick region. Sutton, Roberts, & Mid-strength (or equivalent width) of the features was found (se
dleton (2015) use€handra high spatial-resolution spectra Fig [7), which rules out an origin due to reflection on top of

of NGC 5408 X-1 to show that the residuals were mostlihe accretion disk (expected to increase with the hardness)
associated with the ULX itself rather than to star formatioar to any ga]actic | star formation event. This is instead

or hot gas in the host galaxy. consistent with wind models, where for moderate-to-high
inclination angles an increase in accretion rate leads to a
2.1 The shape of the spectral residuals stronger wind, which both softens the spectrum and deposits

more material into the optically thin medium surrounding
In a crucial step towards the understanding of the specttake ULX, that deepens the absorption features (e.g., Pouta-
residuals we show that their shape is similar among six difen et al. 2007).
ferent ULXs with high quality soft X-ray spectra (Middle-
ton et al. 2015, see also Hig. 1), which suggests that thg)@
have the same origin. We have further probed the relation
between the residuals and the spectral states of NGC 13lf&e XMM-Newton and Chandra X-ray satellites are pro-
X-1, which has the largest dynamical range in its harddded with spectrometers that have a higfy AE ~ 100 —
ness of any of the ULXs with detectable residuals. A clear000) energy spectral resolution and are, therefore, able to
anti-correlation between spectral hardness (ratio betweeesolved spectral features narrower tha@w0kms=!: the
the flux in the 1-10keV and the 0.3-1 keV bands) and thgratings (Brinkman et al. 2000, den Herder et al. 2001 and

High-resolution X-ray spectroscopy with gratings
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0.2 . . . stack the spectra of each source with an advanced technique
that accounts for the different background subtractiohef t
two RGS spectrometers. This provided the two best high-
N resolution X-ray spectra ever taken for ULXs (see[Rig.3).
- AN 8 The RGS spectra of NGC 1313 X-1 and NGC 5408 X-1
N show a wealth of emission and absorption features including
N the absorption features produced by the foreground Galac-
tic interstellar medium (see, e.g., Pinto et al. 2013). At fir
we could identify strong, rest-frame emission lines from a
mixture of elements at varying degrees of ionization, idelu
ing Nex (A = 12.1A), O v (19.0A), Ovii (21.6A), and
Fexvil (15.0,17.1 ,&). There are several narrow absorption-
like features including a broad depression at the blue side
(10 — 12,&) of the Nex emission line in NGC 1313 X-1.
These spectral features actually resolve the residualgrsho
by Middleton et al. (2014, 2015). Before trying to model
these emission and absorption features we constrain the
spectral continuum by simultaneously fitting the EPIC and
RGS spectra of these sources with a standard blackbody
Fig.2 Absorption strength from the spectral fits plottedplus powerlaw emission model, multiplied by neutral ab-
against spectral hardness (with érror bars). The solid red sorption both from our Galaxy and intrinsic to NGC 1313.
line is the best-fitting relation (with a slope @05 + 0.01) We analyze the spectral features using the high-
and the dashed lines are the extremal range of relatioresolution RGS spectra and adopting the combined EPIC—
(from the 3 errors on the slope and intercept). Figure fronRGS spectral continuum. We first measure their significance
Middleton et al. (2015). by fitting a Gaussian over the 7-A&vavelength range with
increments of 0.08. We have also tested the effects of

adopting different line widths. The strongest emissioasin

Canizares et al. 2005). Despite their high resolution powgpng at their rest frame wavelengths, are detectedsat a
the gratings are often ignored because they have much lowgje| each. The strongest absorption features, e.g. batwee
effective area than the CCD spectrometers, provide only 1y _ 19 A in NGC 1313 X-1. are also detectedat. if in-

spectroscopy (along their cross dispersion direction) aggpreted as blueshifted Me-x or Fexviil absorption (and
require a careful data reduction, particularly for eXtemdeaccounting for the look-elsewhere effect).

and/or multiple sources in the field of view. However, at
least for XMM-Newton, the reflection grating spectrome- : .
ters (RGS) work in parallel with the EPIC cameras, and th2e'4 Ultrafast outflows in the ULX grating spectra
archive is therefore rich with unexplored high-spectral re We modeled the emission lines with a rest-frame, collisiona
olution RGS data. There is a wealth of RGS public obsefonization equilibrium (CIE) plasma, which includes an un-
vations of ULXs: NGC 1313 X-1 and NGC 5408 X-1, inderlying weak thermal continuum at an average temperature
particular, were observed for several XMNewton orbits.  of 0.8 keV (~ 107 K; see Fid.B). The absorption lines can
be well modelled with a mildly ionizeddg £ = 2.25+0.05
2.3 Zooming onto NGC 1313 X-1 and NGC5408X-1  Or { ~ 180ergcm s!) absorbing gas in photoionization
equilibrium applied to the continuum. This absorber has a
NGC 1313 X-1 and NGC 5408 X-1 are two archetyparemendous outflow velocity of 0.2 times the speed of
ULXs showing all the classical properties of the bulk of thé¢ight. The inclusion of a rest-frame absorber with the same
population and have X-ray (0.2-10keV) luminosities up tinization parameter provides a slight improvement to the
~ 10*° erg/s. They have been extensively observed in spefit: These model adopts the same line width for absorption
tral states where a large fraction of their flux emerges belasnd emission lines{ 500 kms'!). The large depression be-
2 keV (Stobbart et al. 2006; Gladstone et al. 2009) showingieen10—12 A in NGC 1313 X-1 can also be modeled with
strong spectral deviations (0.6-1.2 keV) from the underlyn absorption with highetdg ¢ = 4.5) ionization parame-
ing continuum in CCD spectra (see Hig. 1). These two ULXgr and relativistic{ 0.1c¢) line broadening (see blue line in
are within a 5Mpc distance, are rather isolated, and hawéy[3, top left panel). NGC 5408 X-1 also shows sharp emis-
the longest set of full XMMNewton orbits. This allows for  sion features similar to those detected in NGC 1313 X-1, but
a comparatively clean, high energy-resolution study of thae outflow seems to be more structured with the emission
features seen in CCD spectra. lines being stronger than the absorption features. A biittter
In Pinto et al. (2016) we collect the three and six fulls obtained with a multiphase emission (CIE) and absorp-
XMM- Newton orbits of NGC 1313 X-1 and NGC 5408 X-1, tion (Xabs) model (see blue line in Hig).3, top right panel).
obtaining 345.6 ks and 644.9ks solar-flared clean data. VWhis could suggest a different geometry or view angle for

Absorption strength (keV)
o
I

1 2 3
Spectral hardness

(© 0000 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Www.an-journal.org



Astron. Nachr. / AN (0000) 3

T T T T
w© [T T T T T
= 7 Model: 1 Xabs & 1 CIE
A i <[ EPIC/pn | -t Model: 2 Xabs & 2 CIE NGC 5408 X-1 RGS |
<3
T 'VT(" Fe XVill g - 7 Ne X Fe XVII Feiwu OIVHI owi
- Ne X o L L. L. — | |
<t Ne X 5 10 15 20 g
- \ Fe Xl <
N | Fexvil — owi ovil N
£ ova | o
o Q o1 NVI £
5 © o 2
S 2
= o
a s
ERNN
ic S o N I B
ot 2 o < ESRITERLIE S B
z @ o S B 2 S
Narrow-line model [e] E e o
Broad-line model 2
1 1 1 1 o 1 1
10 15 . 20 25 10 15 20 25
Wavelength (A) Wavelength (A)
e R e . v r Y TR
r b r Fexvill
L ngnugxw NeXa Fexviif ovill ol wie ] 4l n Fexviie i
4 L v ovil NvII
NeXg Nelx Fexvilr | ﬁ o MgXIl NeXg ’,"’,\ Jl\ Fexviir il 30

Line significance
Line significance

5 x 10% km s”! width
—-—— 1x10*km 5" width

5 x 107 km s~! width

—-—— 1 x10°km s width

10 15 20 25 10 15 20 25
Wavelength (A) Wavelength (A)

Fig.3 XMM-Newton/RGS high-resolution grating spectra of NGC 33¢-1 and NGC 5408 X-1 (top) with overlaid a
model of thermal collisionally-ionized emission and a tiglatically (v ~ 0.2¢ blueshifted photoionized absorption. The
dotted lines indicate the blueshift from the rest-framasions (identical for all absorption lines). Bottom gathow
the corresponding line significance obtained by Gaussiawiih increments of 0.0% and negative values indicating
absorption lines. All plots are from Pinto et al. (2016).

the two ULXs. More detail about the spectral modeling 02.5 Fe K powerful ultrafast outflow in NGC 1313 X-1

NGC 1313 X-1 and NGC 5408 X-1 can be found in Pintoet ) o )
al. (2016). Motivated by the discovery of a relativistic outflow in these

soft X-ray spectra of ULXs, we used the EPIC-pn/MOS 1-
2 and FPMA /B longest exposures from XMMewton and
NuSTAR, respectively. These provided total good exposures
of 258 ks for EPIC-pn, 331 ks for each EPIC-MOS and 360
This is the fastest wind ever detected in a X-ray binarks per FPM (see Walton et al. 2016). We simultaneously
and it could carry enough power to affectits neighbourhoofitted these spectra with a cutoff powerlaw (e.g., Stobart e
The outflow rate can be written &8 = 47 R?pv), which al. 2006) including neutral absorption both from our Galaxy
gives a wind powe,, = 1/2Mv? = 27rR>mnuo3, andintrinsic to NGC 1313.
wherem,, is the proton mass artd the solid angle. Since, We searched for Fe K absorption or emission following
¢ = L/nuR? using the results for the relativistically- Walton et al. (2012): we included a narrow (intrinsic width
broadened absorber, we measure an upper limit for the -0 = 10 eV) Gaussian, and varied its energy across the
tio between the wind power and the luminosity of NGQnergy range of interest in steps of 40 eV (oversampling the
1313 X-1 to beP, /L = 10092 Cy. This would imply a XMM-Newton energy resolution by a facter 4 — 5). The
highly super-Eddington accretion rate, unless both the coaussian normalisation can be either positive or negative.
ering fractionCy, and the duty cycle are an order of magniFor each line energy, we record the? improvement in fit
tude lower than unity, which is not the case for most ULXgesulting from the inclusion of the Gaussian line, as well as
NGC 1313 X-1, for instance, shows significant spectral fedhe best fit equivalent widthEW) and its 90 (1.64) and
tures for a large range of spectral hardness (Middleton et 8B% (2.5%) confidence limits. These are calculated with
2015), which suggests a large covering fraction. the EQWIDTH command in XSPEC, using 10,000 param-
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N T Fig.5 Cartoon of a physical model of high mass accre-

75 8 85 o 93 tion rate sources. The light blue region shows the soft X-ray
Restframe Energy (keV) emission of the accretion disk, altered by a photosphere of

Fig.4 Detection of Fe K blueshifted absorption (6.70 ke\4 radiatively-driven optically-thick wind. The dark blue-r

lab energy) in the combined XMNilewton EPIC CCD and gion, closer to the compact object is dominated by highly

NuSTAR FPMA/B CdZnTe spectra. Figure from Walton evariable, optically-thin, turbulent Comptonization etinigy

al. (2016). high-energy £ 1 keV) X-rays.

3 Discussion

) ) . 3.1 XMM-Newton — NuUSTAR joint efforts
eter simulations based on the best fit model parameters and

their uncertainties. To be conservative, we vary the GauSuSTAR observations have clearly shown that the spectral
sian line energy between 6.6 and 9.6 keV, correspondingstates of typical ultraluminous X-ray sources present a cut
a wide range of outflow velocities extending up00.25¢  off above 10 keV, which rules out the interpretation in terms
for Fexxvi . of black holes in a standard low/hard state or reflection-
dominated disk regime. Several ULXs, e.g. NGC 1313 X-
2, also show spectral transition from states of high lumi-
nosity and variability to states of low luminosity without
The results are shown in F[gd. 4 (see also Walton et a&trong variability as expected in transitions from a super-
2016). We detected an absorption line&at7+352keV Eddington to a sub-Eddington regime (e.g., Bachetti et
with an equivalent width of-61 4 24eV, which is compara- al. 2013). The detection of powerful winds in ultralumi-
ble to the strongest iron absorption seen from a black hotus X-ray sources was a missing ingredient for the super-
binary to date (King et al. 2012). We successfully modeleBddington interpretation of their X-ray luminosities, oufr
the feature with a photoionized absorber. The best-fit primportant discoveries of relativistic winds have filledshi
vides ionization parametésg ¢ = 3.3+5-2, which is higher gap with the theoretical predictions.
than that of the gas we detected in the soft X-ray band, but
its outflow velocity ofv,,, = 0.236+0.005¢is in very good
agreement with the low-ionization soft X-ray absorbersrThi
fit adopts Fexxv as dominant ion. Another fit solution with At high accretion rates the disk thickens due to radiation
Fexxvi leading the iron ionic distribution ang,,; ~ 0.2¢  pressure and cools via advection and/or winds; the bolomet-
is not excluded, but still confirming the presence of a relaic luminosity exceeds the Eddington luminosity by a factor
tivistic outflow. We measure a ratio between the wind powearoportional tolog m (Poutanen et al. 2007). The accretion
and the bolometric luminosity a?,,/L = 1500 (60) Q2 Cy,  can increase, orders of magnitude larger than the Eddington
for the ionization parametdog ¢ = 3.3 (4.5), suggesting limit, where the huge radiation pushes out part of the disk
that the wind may dominate the energy output from NG@&tmosphere at extreme velocities, giving the system a ge-
1313 X-1. Regardless of the precise valuefbind Cy,, ometry similar to that of a funnel (Figl 5). The funnel can
these measurements are absolutely extreme if comparedignificantly collimate the X-ray emission via scattering,
typical sub-Eddington accreting black holes and agree withhich case the disk brightens further (geometrical beam-
the predictions for a super-Eddington accretion scenating). The agreement between theory and spectral variabilit
(e.g., Poutanen et al. 2007; King 2010). suggests that ULXs are super-Eddington accreting, stellar

3.2 Further insights in super-Eddington accretion
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mass BHs similar to SS 433, but viewed close to the symaxciting spectral features in the8 — 6keV energy band
metric axis (e.g., King et al. 2002; Fabrika 2004). where the XMM~Newton instruments lack the require spec-
tral resolution. Due to their lower effective area, tblean-

dra gratings will require exposures of at least 500 ks per
ULX.

In Middleton et al. (2014, 2015) we used the moderate-

resolution, but high-sensitivity CCDs on board XMM-Acknowledgements. CP and ACF acknowledge support from ERC
Newton to show that the absorption features anti-correlaftdvanced Grant 340442. MIM acknowledges support from an

with the spectral hardness. We believe that this trend delFC Ernest Rutherford fellowship. This paper is based on ob

ends on the viewina anale (see 5) Close to the s I,?]e_rvations obtained with XMMNewton, an ESA science mission
P g angle ( . 5) y.with instruments and contributions directly funded by ESArw

metric axis the hard X-rays dominate the spectrum smeariig o oc and the USA (NASA), and NUSTAR, a project led by
out the wind features (Ho IX X-1). At intermediate angle%altech, funded by NASA and mz;naged by NASA/IPL.

we look directly through the wind and detect strong absorp-

tion features, which can vary due to precession (NGC 1313
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