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Wind from the black-hole accretion disk driving a
molecular outflow in an active galaxy

F. Tombesi"?, M. Meléndez?, S. Veilleux>?, J. N. Reeves*®, E. Gonzalez-Alfonso® & C. S. Reynolds*?

Powerful winds driven by active galactic nuclei are often thought to
affect the evolution of both supermassive black holes and their host
galaxies, quenching star formation and explaining the close rela-
tionship between black holes and galaxies”. Recent observations of
large-scale molecular outflows®™® in ultraluminous infrared galaxies
support this quasar-feedback idea, because they directly trace the gas
from which stars form. Theoretical models®'? suggest that these out-
flows originate as energy-conserving flows driven by fast accretion-
disk winds. Proposed connections between large-scale molecular
outflows and accretion-disk activity in ultraluminous galaxies were
incomplete®® because no accretion-disk wind had been detected. Con-
versely, studies of powerful accretion-disk winds have until now focused
only on X-ray observations of local Seyfert galaxies'>'* and a few
higher-redshift quasars'>™'°. Here we report observations of a power-
ful accretion-disk wind with a mildly relativistic velocity (a quarter
that of light) in the X-ray spectrum of IRAS F11119+3257, a nearby
(redshift 0.189) optically classified type 1 ultraluminous infrared
galaxy hosting a powerful molecular outflow®. The active galactic
nucleus is responsible for about 80 per cent of the emission, with a
quasar-like luminosity® of 1.5 X 10*® ergs per second. The energetics
of these two types of wide-angle outflows is consistent with the energy-
conserving mechanism®™'? that is the basis of the quasar feedback'
in active galactic nuclei that lack powerful radio jets (such jets are
an alternative way to drive molecular outflows).

The mass™ of the central supermassive black hole in IRASF11119+
3257 is estimated to be Mpy; = 1.6 X 10’ M, where M, is the solar
mass. The resulting Eddington ratio is Lygn/Lgdd = 5, where Lagy is
the luminosity of the active galactic nucleus (AGN), indicating that the
source is very likely to be accreting at about its Eddington limit. In the
X-ray spectrum it is relatively bright and not strongly affected by neu-
tral absorption®'. Therefore, it is arguably the best candidate in which
to study the highly ionized iron K-band absorbers in this class of object.

IRAS F11119+3257 was the subject of a long (250-ks) observation
from the Suzaku X-ray astronomy satellite obtained by our group in
May 2013. The spectra of the three separated X-ray imaging spectro-
meter (XIS) detectors onboard Suzaku independently show a prominent
absorption feature at the rest-frame energy of ~9keV (Fig. 1). The
inclusion of a broad Gaussian absorption line in the combined broad-
band Suzaku XIS and the hard X-ray detector PIN spectrum in the 0.5—
25keV energy band provides a very significant improvement of the fit,
corresponding to a statistical confidence level of 6.5¢ (see Supplemen-
tary Information). The absorption line has a rest-frame energy of E =
9.821 0% keV, a width of o = 1.67 79 keV and an equivalent width
of —1.31103% keV. If interpreted as blue-shifted Fe xxv Hea and/or
Fexxvi Lyman o resonant absorption lines, this feature indicates an
outflow velocity of about 0.3¢ (where ¢ is the velocity of light in a vac-
uum) with respect to the systemic velocity.

We derive a physical characterization of this outflow using a dedicated
photoionization absorption model (see Methods). This fast-wind model

provides a very good representation of the data, simultaneously taking
into account both the broad absorption trough at E =~ 7—10keV in the
XIS data and the factor of ~2—3 excess of flux at E = 15—25keV observed
in the PIN data (see Extended Data Fig. 1 and Methods). The column
density, ionization and outflow velocity are Ny = 6.4 %8 X 10** cm ™2,
logé = 4.1173% ergs™" cm and voux = 0.255 * 0.011¢, respectively
(see Extended Data Table 1). The wind has a high covering fraction of
Crx > 0.85,a value that is confirmed if we include the possible associated
emission in the best-fit model (see Supplementary Information). The wind
parameters are consistent overall with the mildly relativistic accretion-
disk winds detected in quasars'>~'* with a comparable luminosity.

Considering the velocity and variability of the wind we estimate a dis-
tance from the central supermassive black hole in units of Schwarzschild
radii (rs = 2 GMgy/c®) (where G is the gravitational constant) of r =~
(15—900)rs, consistent with accretion-disk scales (see Supplementary
Information). Conservatively adopting a radius of 155, we estimate a
mass outflow rate of Mout,x ~15Mgpyr ! Given the very high lumin-
osity of this active galactic nucleus and the fact that it is accreting at
about its Eddington limit, it is very likely that the wind is radiation
driven®.

The wind’s momentum flux Pout,X = Mout,xvout,x ~6X10% dyne
corresponds to 1.3 té;; times that of the AGN radiation Pr,q = Lagn/c
(see Supplementary Information). This is consistent with multiple
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Figure 1 | Absorption line in the Suzaku spectrum of IRAS F11119+3257.
Ratio between the separated spectra of the Suzaku detectors XISO (black),
XIS1 (red) and XIS3 (blue) and the absorbed power-law continuum model in
the E = 4—12keV energy range. The ratio for the model including the
absorption line at the rest-frame energy of 9.82 keV is superimposed in
green. The data are binned to a signal-to-noise ratio of 10¢ for clarity.

Errors are at the 1o level.
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scatterings in a high-column-density and wide-angle wind*. The wind
mechanical power EK,X = (1/2)1\'/[0%)(vout,x2 ~2x10% erg s~! corre-
sponds to ~15% of the AGN luminosity and is higher than the min-
imum value of ~0.5% required for AGN feedback** (see Supplementary
Information). Therefore, this wind will probably have a strong influence
on the host galaxy environment. An alternative interpretation of the
E = 9keV absorption trough with an ionized Fe K edge and an assoc-
iated relatively slow wind (see Extended Data Fig. 1) is statistically dis-
favoured (see Methods).

Likewise, the case whereby the Fe K profile arises from relativistically
blurred X-ray reflection off the inner accretion disk is also ruled out
(see Methods and Supplementary Information). Such a model fails to
predict the hard X-ray emission above 10 keV (Extended Data Fig. 1).
This case is also inconsistent with the variability observed during the
observation (see Methods and Extended Data Figs 2 and 3). The fast
wind model provides a self-consistent explanation of the variability in
terms of a change in the absorber column density (Extended Data Table 2).
In contrast, within the relativistic reflection model, the resultant vari-
ability pattern is the opposite of that expected from relativistic light
bending®, with a dramatic increase in reflection fraction from the low
to the high flux state (see Extended Data Table 3). Finally, the extra-
polated hard X-ray luminosity from the fast-wind model matches the
value expected from mid-infrared emission line diagnostics, while the
relativistic reflection model underestimates this value by more than one
order of magnitude (see Supplementary Information).

Observations from the Herschel Space Observatory using the Photo-
detector Array Camera and Spectrometer (PACS) show a massive mole-
cular outflow® in the absorption profile of the OH doublet at wavelength
A=119.23 um of IRAS F11119+3257 (Fig. 2). This galaxy also shows
clear signatures of high-velocity outflows (~1,000 km s ') at other en-
ergies, including neutral®® and moderately ionized”*® gas. From our
radiative transfer model” of the Herschel observation of the 119.23 pm
OH absorption profile (see Methods and Fig. 2) we estimate an outflow
of around 300 pc with average velocity of vou.on = 1,000 = 200 km s
covering factor Cr oy = 0.20 = 0.05 and mass outflow rate of M out OH =
800 12 M, yr! (see Supplementary Information). The momentum
flux of the molecular outflow is considerably larger than that of the AGN
radiation, Pout,OH = 11.0f;§1 P,.4. Moreover, the mechanical power
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Figure 2 | Herschel-PACS OH / = 119.23 pm observation of IRAS
F11119+3257. The blue (high velocity) and red (systemic velocity) dashed
lines represent the different components of the outflow model. The green line
represents the total best-fit model. The dashed vertical lines indicate the
position of the OH 4 = 119.23 pm doublet components relative to the blue line
of the doublet (4 =119.23 pm) and with respect to the systemic redshift of
the galaxy. The average outflow velocity estimated from the OH model is
1,000 = 200kms .
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corresponds to ~2% of the AGN luminosity (see Supplementary
Information), a value higher than the minimum required for quasar
mode feedback®. The large velocity and energetics of this molecular
outflow also favour an AGN origin®~°. These parameters are compa-
rable to those found in similar AGN-dominated ultraluminous infra-
red galaxies®®.

The two main mechanisms invoked to explain AGN feedback'? are
the radio mode and the quasar or wind mode. In these cases the mole-
cular outflows are accelerated by the interaction with either a powerful,
but highly collimated, radio jet* or a mildly relativistic accretion-disk
wind®'?, respectively. Powerful jets are found in radio-loud AGNs, but
they constitute only a minority of the AGN population®. IRASF11119+
3257, and ultraluminous infrared galaxies in general, do not show clear
evidence for powerful jets*®*°. Therefore, the radio-mode feedback is
strongly disfavoured in this case.

Theoretical models of quasar-mode AGN feedback®'** indicate that
the shock caused by the interaction between the putative mildly relat-
ivistic AGN wind and the interstellar medium divides the resultant large-
scale outflow into two regimes. Momentum-conserving flows occur if
the shocked wind gas can cool and most of the kinetic energy is radi-
ated away. On the other hand, energy-conserving flows occur if the
shocked wind gas is not efficiently cooled, and instead expands as a hot
bubble. Conservation of energy leads to the relation®' Pow = fvin/
Vout) (Lagn/c) where vy, is the velocity of the inner X-ray wind, v, the
velocity of the molecular outflow and f = Cg 4/ Cr s, is the ratio be-
tween the covering fractions of the outer molecular outflow and inner
disk wind. This parameter findicates the efficiency or fraction of inner
wind power that is transferred to the large-scale outflow. Substituting
the values from the observed X-ray and OH winds in IRAS F11119+
3257 we derive an efficiency of f= 0.22 = 0.07.

In Fig. 3 we show the momentum fluxes of the inner X-ray wind and
the molecular outflow observed in IRAS F11119+ 3257 with respect to
their velocities, normalized to the momentum flux of the AGN radiation.
For comparison, we consider also the energetics of mildly relativistic
X-ray winds detected in quasars'> " and the molecular outflows detected
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Figure 3 | Comparison between the inner winds and the molecular
outflows. The momentum flux (dP/dt) normalized to the radiation (Lygn/c) is
plotted against the wind outflow velocity. v, is the velocity of the inner X-ray
wind, given in multiples of ¢. The disk and molecular winds in IRAS
F11119+3257 (red filled stars), the disk winds of other quasars'>™"° (blue
filled circles) and the molecular outflows of other ultraluminous infrared
galaxies (OH>” green and CO™® black filled triangles) are reported.
Uncertainties are 1¢. The dotted, dashed, solid and dot-dashed black curves
represent the energy-conserving trends® "' for different v, values. The
horizontal grey line indicates the momentum-conserving case. An efficiency
of f=0.2 is assumed. The momentum rates of the disk winds are

multiplied by f.
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in ultraluminous infrared galaxies®® with similar AGN luminosities
(see Supplementary Information and Extended Data Table 4). We
consider the derived efficiency of f= 0.2. Using the relation for an
energy-conserving flow”™'! we find that the energetics of the molecular
outflows would require initial AGN winds with a range of velocities
between vy, = (0.1—0.4)c (Fig. 3). Indeed, substituting the estimated values
for IRAS F11119+3257 of vi, = 0.2¢, Vo =~ 1,000 km s~ and f=~0.2
we obtain a value of Pyy = 12Lgn/c that is consistent with the OH
observation.

This would not be possible in the momentum-conserving case. In
fact, considering that a fraction f = 0.2 of the initial wind momentum
rate is transferred to the host and taking into account the uncertainties,
the maximum value for the inner-disk wind is Pom,x = 0.6Lgn/c. This
is much smaller than the minimum value for the molecular outflow of
Pout,OH = 3.5Lagn/c (see Supplementary Information and Fig. 3).

The mass outflow rate of radiation-driven winds®* is My, = Mgdd,
where Mgaq = Lgad/ nc* is the Eddington accretion rate and # is the ac-
cretion efficiency. Moreover, their momentum rate is comparable®*>**
to that of the AGN radiation, Py, = Min Vi, = Lgqa/c. Therefore, the ob-
served fast-wind velocity suggests’ a high accretion efficiency 1 = v;,/
¢ ~0.25. For a stellar velocity dispersion of ¢~ 100kms™" from the
Mgy — o relation®", theoretical models of energy-conserving outflows’
suggest a molecular outflow velocity of vy = 1,000 km s ™', a mass out-
flow rate of My = 1,000M o, yr- Yand a momentum rate Py =~ (10—
20)P,4, in agreement with the observations. Moreover, the mechanical
energy of the fast wind of ~15% Ly is consistent with the theoretical
value’ of (17/2) Lygn = 13% Lagn- The observed power of the molecular
outflow of ~2% Ly is also consistent with that of the fast wind with
an efficiency f~ 0.2. With the limitation that the fast X-ray wind is ob-
served now, while the large-scale molecular outflow is probably an inte-
grated effect of such winds over a much longer period of time, thereis a
very good quantitative agreement between observations and theoretical
models® ',

This supports the idea that AGN winds can indeed provide an effi-
cient way to transfer energy to the interstellar medium with a high degree
of isotropy'?, as required by the existence of large-scale outflows in most
ultraluminous infrared galaxies®®. Moreover, these results are consist-
ent with the evolutionary scheme® of ultraluminous infrared galaxies in
which AGN-driven winds can clear out the obscuring material from the
central regions of the galaxy"?, eventually uncovering the underlying
quasar.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.

Received 4 November 2014; accepted 26 January 2015.

1. Fabian, A. Observational evidence of active galactic nuclei feedback. Annu. Rev.
Astron. Astrophys. 50, 455-489 (2012).

2. Veilleux, S., Cecil, G. & Bland-Hawthorn, J. Galactic winds. Annu. Rev. Astron.
Astrophys. 43, 769-826 (2005).

3. Fischer, J. et al. Herschel-PACS spectroscopic diagnostics of local ULIRGs:
conditions and kinematics in Markarian 231. Astron. Astrophys. 518, L41 (2010).

4. Feruglio, C. et al. Quasar feedback revealed by giant molecular outflows. Astron.
Astrophys. 518, L155 (2010).

5. Sturm, E. et al. Massive molecular outflows and negative feedback in ULIRGs
observed by Herschel-PACS. Astrophys. J. 733, L16 (2011).

6. Veilleux, S.etal. Fast molecular outflows in luminous galaxy mergers: evidence for
quasar feedback from Herschel. Astrophys. J. 776, 27 (2013).

7. Gonzalez-Alfonso, E. et al. The Mrk 231 molecular outflow as seen in OH. Astron.
Astrophys. 561, A27 (2014).

8. Cicone, C. et al. Massive molecular outflows and evidence for AGN feedback from
CO observations. Astron. Astrophys. 562, A21 (2014).

438 | NATURE | VOL 519 | 26 MARCH 2015

9. Zubovas, K. & King, A. Clearing out a galaxy. Astrophys. J. 745, L34 (2012).

10. Faucher-Giguére, C.-A. & Quataert, E. The physics of galactic winds driven by active
galactic nuclei. Mon. Not. R. Astron. Soc. 425, 605-622 (2012).

11. Zubovas, K. & Nayakshin, S. Energy- and momentum-conserving AGN feedback
outflows. Mon. Not. R. Astron. Soc. 440, 2625-2635 (2014).

12. Wagner, A.Y.,Umemura, M. & Bicknell, G. V. Ultrafast outflows: galaxy-scale active
galactic nucleus feedback. Astrophys. J. 763, L18 (2013).

13. Tombesi, F. et al. Evidence for ultra-fast outflows in radio-quiet AGNs. I. Detection
and statistical incidence of Fe K-shell absorption lines. Astron. Astrophys. 521, A57
(2010).

14. Gofford, J. et al. The Suzaku view of highly ionized outflows in AGN.—I. Statistical
detection and global absorber properties. Mon. Not. R. Astron. Soc. 430, 60-80
(2013).

15. Chartas, G, Saez, C., Brandt, W. N., Giustini, M. & Garmire, G. P. Confirmation of and
variable energy injection by a near-relativistic outflow in APM 08279+5255.
Astrophys. J. 706, 644-656 (2009).

16. Pounds, K. A. & Reeves, J. N. Quantifying the fast outflow in the luminous Seyfert
galaxy PG1211+143. Mon. Not. R. Astron. Soc. 397, 249-257 (2009).

17. Lanzuisi, G. et al. HS 1700+6416: the first high-redshift unlensed narrow
absorption line-QSO showing variable high-velocity outflows. Astron. Astrophys.
544, A2 (2012).

18. Chartas, G. et al. Magnified views of the ultrafast outflow of the z = 1.51 active
galactic nucleus HS 0810+2554. Astrophys. J. 783, 57 (2014).

19. Gofford, J. et al. Revealing the location and structure of the accretion disk wind in
PDS 456. Astrophys. J. 784, 77 (2014).

20. Kawakatu, N., Imanishi, M. & Nagao, T. Anticorrelation between the mass of a
supermassive black hole and the mass accretion rate in type 1 ultraluminous
infrared galaxies and nearby QSOs. Astrophys. J. 661, 660-671 (2007).

21. Teng, S. H. & Veilleux, S. X-QUEST: a comprehensive x-ray study of local ULIRGS
and QSOs. Astrophys. J. 725, 1848-1876 (2010).

22. King,A.R.&Pounds, K. A. Black hole winds. Mon. Not. R. Astron. Soc. 345, 657-659
(2003).

23. Reynolds, C. S. Constraints on Compton-thick winds from black hole accretion
disks: can we see the inner disk? Astrophys. J. 759, L15 (2012).

24. Hopkins, P. F. & Elvis, M. Quasar feedback: more bang for your buck. Mon. Not. R.
Astron. Soc. 401, 7-14 (2010).

25. Miniutti, G. & Fabian, A. C. A light bending model for the X-ray temporal and
spectral properties of accreting black holes. Mon. Not. R. Astron. Soc. 349,
1435-1448 (2004).

26. Rupke, D. S, Veilleux, S. & Sanders, D. B. Outflows in active galactic nucleus/
starburst-composite ultraluminous infrared galaxies. Astrophys. J. 632, 751-780
(2005).

27. Lipari, S. et al. Extreme galactic wind and Wolf-Rayet features in infrared mergers
and infrared quasi-stellar objects. Mon. Not. R. Astron. Soc. 340, 289-303 (2003).

28. Spoon,H.W.W.&Holt, J. Discovery of strongly blueshifted mid-infrared [Ne lll]and
[Ne V] emission in ULIRGs. Astrophys. J. 702, L42-L46 (2009).

29. Tadhunter, C., Morganti,R.,Rose, M., Oonk,J. B.R. & Oosterloo, T. Jet acceleration of
the fast molecular outflows in the Seyfert galaxy IC 5063. Nature 511, 440-443
(2014).

30. Nagar, N. M, Wilson, A. S., Falcke, H., Veilleux, S. & Maiolino, R. The AGN content of
ultraluminous IR galaxies: high resolution VLA imaging of the IRAS 1 Jy ULIRG
sample. Astron. Astrophys. 409, 115-121 (2003).

Supplementary Information is available in the online version of the paper.

Acknowledgements F.T. would like to thank T. Kallman, J. Garcia, F. Tazaki, F. Paerels
and M. Cappi for comments. F.T. acknowledges support from NASA (grant
NNX12AH40G). M.M. and S.V. are supported in part by NASA grants NHSC/JPL RSA
1427277 and 1454738. S.V. also acknowledges partial support through grant
NSF-AST1009583. J.N.R. acknowledges the financial support of the STFC. E.G.-A. is a
Research Associate at the Harvard-Smithsonian Center for Astrophysics, and thanks
the Spanish Ministerio de Economia y Competitividad for support under projects
AYA2010-21697-C05-0 and FIS2012-39162-C06-01. C.S.R. thanks support from
NASA (grant NNX14AF86G) and the US National Science Foundation (grant
AST1333514).

Author Contributions F.T.is the Principal Investigator of the Suzaku observation. He led
the X-ray spectral analysis, interpretation of the results and manuscript preparation.
M.M. and E. G.-A. performed the analysis and modeling of the Herschel data. S.V.
contributed to the interpretation of the results. J.N.R.and C.S.R. contributed to the X-ray
spectral analysis and interpretation of the results. All authors participated in the review
of the manuscript.

Author Information Reprints and permissions information is available at
www.nature.com/reprints. The authors declare no competing financial interests.
Readers are welcome to comment on the online version of the paper. Correspondence
and requests for materials should be addressed to F.T. (ftombesi@astro.umd.edu).

©2015 Macmillan Publishers Limited. All rights reserved



METHODS

Suzaku observation log. IRAS F11119+3257 was observed with Suzaku for the
period 13—19 May 2013 for a total exposure of 250 ks. The data reduction and ana-
lysis were performed following the standard procedures as described in the Suzaku
data reduction guide. We use the heasoft version 6.12 package and the latest cali-
bration files (http://heasarc.nasa.gov/lheasoft/).

Suzaku XIS data reduction. We derived the Suzaku XIS cleaned event files and
applied standard screening criteria. The 3 X 3 and 5 X 5 editing modes were com-
bined. The source spectra were extracted from circular regions of 2.5"' radius centred
on the source. The background spectra were extracted from annular regions with
inner and outer radii of 3—4'" centred on the source and excluding contamination
from the calibration sources. The spectra from the two front illuminated detectors,
XIS0 and XIS3, were combined after verifying that the data are consistent with each
other. Hereafter we refer to them as XIS03. The data of the back illuminated XIS1
detector are used as well. The XIS response and ancillary files were produced. The
source count-rates (in units of counts per second) in the E = 0.5—10keV band are
0.0576, 0.0649 and 0.06 for the XIS0, XIS1 and XIS3 detectors, respectively. The
background count-rates are 18% and 30% of the source count-rates for the XIS03
and XIS1 detectors, respectively.

Suzaku PIN data reduction. The Suzaku PIN source spectrum was extracted within
the good time intervals (those during which events are accumulated) and corrected
for the detector dead time. The latest response file was used. We use the latest and
most accurate tuned non-X-ray background event file version 2.2ver1403 provided
by the Suzaku team. The non-X-ray background event file was used as input to the
hxdpinxbpi task and combined with a model of the cosmic X-ray background pro-
vided by the Suzaku team. We conservatively include a systematic uncertainty on
the PIN background of 1.5%. The source is detected in the PIN at the 45 level. The
source count-rate in the E = 15—25keV band is 0.005 = 0.001 counts s~ ', includ-
ing the systematic error on the background. The average source count-rate is 3.3%
of the background. There are no other X-ray sources with 2—10 keV flux higher
than5 X 10~ ergs ™" cm™? in the Chandra, XMM-Newton, BeppoSAX and ASCA
archives, excluding contamination from other sources within the PIN field of view.
Above 10keV, we do not find any source detected within a 1° radius in the Swift
BAT 70-month, RXTE and Integral surveys. The PIN flux of IRAS F1111+3257 is
also below the sensitivity limit of these hard X-ray surveys.

Suzaku spectral analysis. The spectral analysis was carried out using the software
XSPECversion 12.7.1 (http://heasarc.gsfc.nasa.gov/xanadu/xspec/). All uncertain-
ties quoted are at the 1o level for one parameter of interest and the energies are
reported in the source rest-frame, unless otherwise stated. We exploit the broad-
band capabilities of Suzaku, combining the E = 0.5—10.5keV XIS and E = 15—
25keV PIN spectra. We perform joint fits of the Suzaku XIS03 and XIS1 spectra
excluding the energy range around the Si K edge (E = 1.5—2keV), which is known
tobeaffected by calibration issues. The XIS03/XIS1 cross-normalization was left free
to vary, but it was always found to be consistent within 3%. We take into account
the XIS/PIN cross-normalization of 1.16 = 0.01. All spectra were grouped to a min-
imum of 25 counts per energy bin in order to allow the use of the %> minimization
in the model fitting. Throughout we include a neutral Galactic absorption of Ny =
21X10*em ™2

Fast-wind model. We model the broad absorption at E =~ 9 keV with the XSTAR®'
code version 2.2.1bn. We consider a I" = 2 power-law continuum, consistent with
the observed value (see Supplementary Information), and standard solar abundances.
A turbulent velocity of 30,000 km s~ is assumed for the fast-wind model. This high
value is introduced only to model the large width of the absorption line and it is pro-
bably not linked to an actual physical turbulence in the gas. For instance, detailed
accretion-disk wind models show that the line profiles become much broader be-
cause of the velocity shear between consecutive zones of the wind*.

This provides a very good fit to the data, with 5*/v = 1410.4/1391, providing a
higher fitimprovement, comparable to the phenomenological best-fit case of a broad
absorption line (Ay?/Av = 54.2/3). This corresponds to a very high detection con-
fidence level of 6.5¢. The relative column density, ionization and outflow velocity
are Ny =6.479% X 10* cm ™2, logé = 4.11709) ergs ™" cm and vy x = 0.255
0.011c, respectively (see Extended Data Table 1). The absorber is consistent with
fully covering the source, with a lower limit of the covering fraction of Cg x > 0.85
at the 90% significance level (see Supplementary Information). The fast-wind model
is able to simultaneously take into account both the broad absorption at E~7—
10 keV and the excess of flux at E = 15—25keV (see Extended Data Fig. 1c).

We note that a more physical model of a high-column-density wind should in-
clude both Compton scattering and emission (for the latter see Supplementary Infor-
mation). A few such models** have been recently reported, but they are not pub-
licly available for use in XSPEC and require a relative fine-tuning of the parameters.
Moreover, the wind parameters are well approximated with XSTAR absorption
tables®**, supporting our conclusions. The effects of Compton scattering should
be marginal, introducing a continuum break at an energy beyond the observed
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Suzaku bandpass of E= 50keV and contribute to the broadening of the lines of
less than ~0.3 keV.

Slow-wind model. Considering the slow-wind model, in which the feature at E =
9keV is identified with an ionized Fe K absorption edge, the data require a lower
XSTAR turbulent velocity width of 500 km s . This provides an overall good fit of
the data, with ;(2/ v = 1,439.3/1,391. The relative column density, ionization and out-
flow velocity are Ny = 5.5798 X 10 cm ™%, logf = 3.771 5% ergs ™ cm and vy =
0.0258 70019 ¢, respectively. The lower limit of the covering fraction is C > 0.93 at
the 90% significance level. Even though it provides an overall sufficient represen-
tation of the data, this fit is statistically much worse than the previous case of a fast
wind (see Extended Data Fig. 1d). In fact, the )(2 difference for the same number of
degrees of freedom with respect to the fast-wind model is Ay* = 28.9. In particular,
this slow-wind model does not provide a good fit for the absorption trough at E ~
7—10keV.

Relativistic reflection model. We use the most accurate relativistic reflection code
available in the literature, the “relxilllp” model*. This model considers the lamp post
geometry in which the compact X-ray source is located at a certain height along
the rotation axis of the black hole in units of gravitational radii r, = GMpp/ . The
reflection fraction and emissivity index are self-consistently calculated by the model
depending on the source height and black hole spin. We consider a typical outer-disk
radius of 1, = 4007, and the inner radius r;, is linked to the innermost stable cir-
cular orbit for a given black-hole spin value. We consider standard solar abundances.

The free parameters are the height of the illuminating source A, the disk inclina-

tion i, the ionization parameter log¢, the normalization and the black-hole spin a.
This model provides a fit statistics of /v = 1413.2/1390. The best-fit parameters
suggesta source height of justh = 2.2 3 3r, (r, = GMpy/c*) and a rapidly spinning
black hole with @ > 0.85. The material is mildly ionized, with logé = 3.157 {35 ergs ™
cm, and the disk inclination is estimated to be i = 52 ¢ degrees. Letting the reflec-
tion parameter vary freely we find a very high best-fit value of R = 6. The relativ-
istic reflection model provides a relatively good representation of the data up to
E=~10keV but it is not able to model the excess of flux at E = 15—25keV (see
Extended Data Fig. le).
Time-resolved spectral analysis. The source lightcurve shows a factor-of-10 vari-
ability in the 4—10keV count-rate over an interval of ~3 days between the min-
imum and maximum values (Extended Data Fig. 2). This variability must be driven
by the change of some parameters, such as the continuum, absorption or reflection.
We performed a time-resolved spectral analysis by splitting the observation at 377 ks
after the beginning (Extended Data Fig. 2). This allows us to have the same signal-
to-noise ratio in the E=4—10keV band for the low-flux (first) and high-flux
(second) intervals. The source shows a much smaller variability of a factor of ~1.5
in the PIN data at E = 15—25keV. The broad-band spectra extracted in the low-
flux and high-flux intervals are shown in Extended Data Fig. 3a.

We performed a combined fit of the low-flux and high-flux intervals using alter-
nately the fast-wind model and the relativistic-reflection model and compared the
values of the parameters to determine the main driver of the variability in these two
cases.

Regarding the fit with the fast-wind model, we test three different variability cases:
(1) constant fully covering absorption with variable power-law continuum; (2) con-
stant power-law continuum with variable partial covering absorption; (3) constant
power-law continuum and variable fully covering absorption. Cases (1) and (3)
provide the best representations of the data with comparable statistics of /v =
1,757.9/1,692 and z*/v = 1,757.3/1,693, respectively. In case (1) of the constant
absorber and variable continuum we find that the main change in the fit parameters
may be due to an increase in the normalization of the continuum with /"= 2. The
continuum slope is consistent in the two intervals. The relative ionizing luminosity
between 1 Ryd and 1,000 Ryd (where 1 Ryd = 13.6 eV) would be increasing from
logLio, = 45.2 ergs Tto logLion = 45.7 ergs ™ ! Given that the column density and
velocity of the absorber are constant, this increase in luminosity by a factor of ~3.4
should have caused an increase in ionization by the same factor, fully ionizing the
gas, to the point that it would have not been detected in the second interval. This
consideration alone strongly disfavours the continuum-variability case. In case (3)
of a constant continuum and variable absorber we find that the main driver of the
flux variability is a 40% decrease in column density from Ni; ~ 8.1 X 10°* cm ™ to
Nip = 4.9 X 10** cm ™2 between the two intervals (Extended Data Table 2). More-
over, the fact that the observed change in flux of a factor of ~10 is much larger at
E =4—10keV compared to a factor of only ~1.5 at E > 15 keV also points to the
fact that the main variability is due to a change in absorbing column density rather
than continuum emission with constant slope (see Extended Data Fig. 3b).

Regarding the fit with the relativistic-reflection model, we tested two different
variability cases: (1) constant reflection with variable power-law continuum and (2)
constant power-law continuum with variable reflection (that is, source height and
ionization). Case (1) would indicate a constant and very small source height of h <
2r,. Instead, the continuum slope would be required to change from the unrealistically
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high value of 1"~ 2.7 to I" = 2.2 between the two intervals. Overall, this case does
not provide a good fit to the data, with a poor statistics of /v = 1,878.7/1,692.
Case (2) provides a better fit of 3*/v = 1,766.4/1,693. The fit with the relativistic
reflection model provides a relatively good representation of the data up to E=~
10keV but not at higher energies (see Extended Data Fig. 3b). In this case, the
direct continuum is required to be constant between the two intervals and the main
driver of the variability would be the height of the X-ray source, decreasing from
h=5.4%%*, down to h < 3.2r, from the low-flux to the high-flux case, respect-
ively (Extended Data Table 3). This corresponds to an increase in reflection frac-
tion from ~3 in the low-flux interval up to the maximum value allowed of ~10 for
the high-flux case. Even though this fit might provide a relatively good representa-
tion of the data, it clearly contradicts the variability expected from the associated rel-
ativistic light bending case®, which predicts a very specific variability pattern of
higher/lower reflection fractions (lower/higher X-ray source heights) for lower/
higher fluxes.

Suzaku XIS background and systematics check. We investigated the existence of
the broad absorption at E =~ 9 keV, also performing independent fits of the Suzaku
XIS0, XIS1 and XIS3 detectors. In all cases the parameters are consistent at the 90%
level and in particular the broad absorption is independently detected at the 3¢ level
in the XISO and XIS1 and at the 44 level for the XIS3 (Fig. 1). The XIS cameras have
an instrumental background emission line from Ni Ko at the observed energy of
7.47 keV. The line intensity is slightly dependent on the location on the detector.
Therefore, an incorrect background selection might possibly induce spurious ab-
sorption/emission lines in the background-subtracted spectrum. We performed
several tests in order to exclude this possibility. First, we note that the observed
centroid energy of the broad line of E = 8.26 735 keV is not consistent with the en-
ergy of the instrumental line. Second, the background emission line is unresolved,
with a width of 6 < 100 eV. This is not consistent with the large width of the absorp-
tion feature of o = 1 keV. Third, we performed fits using background regions ex-
tracted from one, two and three circles of 2.5"" size away from the source and annuli
with inner/outer radii of 3"/5" and 4"/5” centred on the source. Fourth, we performed
an additional consistency check considering a smaller circular source extraction
region of 1.5” and an annular background region of the same area with inner/outer
radii of 3"/3.4". This allows us to derive a cleaner extraction region, with a marginal
loss 0f 20% of the source counts in the E = 4—10 keV band, and to drastically min-
imize the background, reducing its count-rate by a factor of 2.5. In all cases we find
that the best-fit parameters, and in particular those of the broad absorption fea-
ture, are always consistent within the 1¢ errors. Considering only the XIS data and
fitting both the fast- and slow-wind models and the relativistic reflection model we
obtain parameters that are consistent within the 1¢ errors with those derived using
the combined XIS and PIN data. This indicates that these models depend only weakly
onthe E = 15—25 keV PIN data. The fast-wind (3*/v = 1,372.1/1,365) and the rel-
ativistic reflection (/v = 1,369.2/1,364) models provide statistically comparable

fits of the XIS data alone. Instead, the fit using the slow-wind model is statistically
worse (*/v = 1,404.6/1,365).

Modelling of the Herschel OH spectrum. The profile of the OH 119.23 um doub-
let shows® a strong asymmetry at systemic velocities and an obvious blue wing ex-
tending well beyond 1,000 km s " (see Fig. 2). This profile is modelled” in spherical
symmetry as an extended outflow on the scale of 300 pc. The Spitzer space telescope’s
Infrared Spectrograph (IRS) low-resolution spectra, the Infrared Astronomical Sat-
ellite (IRAS) fluxes, and Herschel spectrum around the OH doublet are used to
estimate the underlying continuum.

The covering factor of the outflow is estimated to be Cg oy = 0.20 = 0.05. The
sum of the covering factors of the outflow and systemic components is close to unity,
consistent with the fraction of gas affected/unaffected by the outflow. The outflow
velocity is also well determined, with an average value of Vo, op = 1,000 = 200 km's™ 1
The absorption is seen in front of the far-infrared continuum, which is well mod-
elled with a dust radius of Rg,s = 250 pc. The distance of the OH absorber is esti-
mated at 7 = 300 pc in radius (or 600 pc in diameter). This value is consistent with
previous results” derived using the same model for the more detailed spectrum of
the ultraluminous infrared galaxy Mrk 231, indicating that the outflowing OH is
mostly linked to the source of far-infrared continuum.

The hydrogen number density is derived from the equation 7y = Nou/(Xon X
Ar), where Noy is the OH column density, Xy is the OH abundance relative to H
and Ar is the width of the region sampled by the outflowing OH. The estimated
value of the OH column density from the fit of the line profile is Nog = 3 X
10"® cm ™2, This value is conservatively low but enough to account for the optically
thick OH 119.23 pm absorption line. The standard value” of the OH abundance
relative to H in active regions where OH is highly abundant is Xop =2 X 107°.
The width of the outflowing OH region of Ar = 50 pc is derived from the relation
Rout = 1.2Ryu which is based on more accurate models” for the similar OH profile
in Mrk 231. Therefore, we estimate a hydrogen number density of n; = 100 cm ™.
Exploring the parameter space of the model, we find an uncertainty of a factor of
two on this value (see Supplementary Information).
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Extended Data Figure 1 | Broad-band Suzaku spectrum in the E= 0.5- power-law model, the fast-wind model, the slow-wind model and the
30keV band. a, The time-averaged Suzaku XIS03 (solid black), XIS1 (dotted  relativistic reflection model are shown in b, ¢, d and e, respectively. The energy
red) and PIN (solid green) spectra binned to 100, 5¢ and 30, respectively. is in the rest-frame and errors are at the 1o level.

The data-to-model residuals in units of sigma with respect to the absorbed
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Extended Data Figure 2 | Background-subtracted Suzaku XIS03 light curve
in the E=4—10keV band. The data are binned to the Suzaku orbital period of
5,760 s. The vertical line indicates the time at which the observation is split
into two parts for the time-resolved spectral analysis. The effective on-source
exposure time is 250 ks. The gaps in the light curve indicate periods in which
the satellite could not point to the source. Therefore, the total temporal
coverage of the observation is longer, about 500 ks. Errors are at the 1o level.
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Extended Data Figure 3 | Time-resolved Suzaku spectral analysis in the
E=0.5—30keV band. a, Suzaku XIS03 and PIN spectra extracted during
the low-flux (green) and high-flux (blue) intervals. The XIS03 and PIN data
are rebinned to 10¢ and 50, respectively. The data-to-model ratios with respect
to the fast-wind model and relativistic-reflection model are reported in b

and c, respectively. Errors are at the 1o level.
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Extended Data Table 1 | Best-fit values of the fast-wind model for the
time-averaged spectrum

Absorbed Power-law

r Ny X2 /v
(1022 cm—2)
2.04:£0.03 2.0740.08 1410.4/1391

Photoionized absorption

logg Ny Vout Cr
(ergs—'em) (102 cm—?) (©
0.09 0.8
4114009, 6.4*08, 0.255 + 0.011 >0.85

Errors are at the 1o level.

©2015 Macmillan Publishers Limited. All rights reserved



LETTER

Extended Data Table 2 | Best-fit values of the fast-wind model for the
time-resolved spectral analysis

Low-Flux High-Flux

Absorbed power-law

r 2.05 + 0.05
Ny (1022 cm—2) 2.06 + 0.12

Photoionized absorption

—1 0.08 0.20
log€ (ergs™ ' cm) 4.087 03 4135508
Ny (1024 cm—2) 8.1*_(;'1212 ) 4.91101293 1

Best-fit statistics

x2 /v 1757.3/1692

Errors are at the 90% level.
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Extended Data Table 3 | Best-fit values of the relativistic reflection
model for the time-resolved spectral analysis

Low-Flux High-Flux

Absorbed power-law
0.08

r 2.01 “‘_0.04
Ny (1022 cm—2) 2.24*0.1%
Relativistic reflection
a > 0.93
h (rg) 5.4*‘_55;‘;;‘ < 3.2
i (degrees) 44+,
logé (ergs— ' cm) 3.05%'3, 3.32*015,
R ~3 ~10
Best-fit statistics
X2 /v 1766.4/1693

The parameters a and R refer to the black-hole spin and reflection fraction, respectively. Errors are at the
90% level.
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Extended Data Table 4 | Parameters of outflows in other quasars and
ultraluminous infrared galaxies collected from the literature

Name logL agn Vout P/(Lagn/c)  Refs
(ergs~")  (kms™T)

Quasars (X-rays)

IRAS F11119+3257 46.2 75000 1.3 #
APM 0827945255 47.0 60000 0.6*':2, 15
PG 12114143 457 42000 16715 16
HS 1700+6416 47.0 90000 1+£02 17
HS 0810+2554 46.0 90000 1.8*18, 18
PDS 456 47.0 75000 1.94+08 19
ULIRGs (OH)
IRAS F11119+3257 46.2 1000 10851 #
IRAS 08572+3915 457 700 25*7% 5
IRAS 131205453 44.9 520 18+59, 5
Mrk 231 46.0 1000 18£3 7
ULIRGs (CO)
IRAS F08572+3915 45.7 800 35+63, 8
IRAS F10565+2448 44.8 450 40%72, 8
IRAS 23365+3604 44.7 450 31+58, 8
Mrk 231 46.0 1000 20 + 10 4

The reported velocity v, refers to the average outflow velocity. The parameters P and Lagn/c indicate
the momentum flux of the outflow and AGN radiation, respectively. Errors are at the 1q level. The last
column indicates the relevant references*>7#15-19, The parameters of the inner X-ray wind and OH
molecular outflow in IRAS F11119+3257 indicated by # refer to this work.
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