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Ultra-fast outflows
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• Blue-shifted absorption lines with v≳0.1c is found in a part of local AGN (Chartas

+ 2002; Reeves+ 2003; Pounds+ 2003a,b; Tombesi+ 2010)

➡ Absorbers moving from the black hole with v≳0.1c: Ultra-fast outflow (UFO)

A spectrum of the ultra-fast outflow

FeXXV Lyα 
@6.7 keV

FeXXVI Heα 
@7.0 keV
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• Due to its extreme velocity, the ultra-fast outflows are thought to have 
a significant impact on the coevolution of black holes and galaxies
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Spectral variability of the ultra-fast outflow
• Spectra of the ultra-fast outflow often shows strong variability in both 

continuum absorption and absorption lines
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• Absorption lines:
usually modeled by the 
highly ionized gas 
(ξ~103-4)
➡ Hot disk wind

• Continuum absorption:
Low ionized gas (ξ=L/
nr2≲102) is required

➡ Cool clumps
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Figure 3. A schematic picture of the clumpy wind geometry from a super-
Eddington ßow which could explain the difference in X-ray properties be-
tween simple and complex NLS1. The hard X-ray corona (inner blue ßow)
is absorbed by the wind at high inclinations, with the smooth, highly ionised
absorption (cyan) producing a strong drop at the (blue-shifted) line energy,
while cooler, less ionised clumps (green), produce stochastic dips and com-
plex absorption at all energies (Hagino et al. 2016).

the wind can make a large difference in the observed properties of
the inner X-ray source. Numerical simulations show that the polar
and opening angle of the wind can ßuctuate stochastically, as well
as vary withL/LEdd, so the inclination angle with respect to the
wind could be the required parameter determining the difference
between simple and complex NLS1.

1H0707 (complex NLS1) and PG1244 (simple NLS1) have
very similar Hβ line widths and optical luminosity, so have similar
mass and mass accretion rates to zeroth order, and their masses are
most probably low just from X-ray variability timescale arguments.
If 1H0707 is at higher inclination than PG1244 then it should have
higherL/LEdd for the same black hole spin. We take as an ex-
ample 1H0707 at60! and PG1244 at30! , both with low spin and
mass of2×106M" . The colour(non-colour) temperature corrected
discs give a mass accretion rates of 44(31)× Eddington for 1H0707
and 13(9) for PG1244, so both are still highly super-Eddington, but
1H0707 is more extreme that PG1244, as required by the optical
spectra shown in Figure 1, where 1H0707 lacks the narrow [OIII]
emission lines. Weak narrow lines are a characteristic of low ion-
isation Broad Absorption Line (BAL) QSOÕs (Boroson & Meyers
1992), where this is likely due to shielding of the narrow line region
by obscuration in a wind (see also Leighly 2004).

If 1H0707 is accreting at a higher Eddington ratio, this should
also affect other features of the spectrum.L/LEdd is known to af-
fect the ratio of equivalent widths of emission lines in the broad
line region, particularly FeII/(broad) Hβ (Ferland et al. 2009). The
iron blends shown for both NLS1 in Figure 1 are quite similar, and
similar also in terms of their ratio of FeII/broad Hβ. If the corre-
lation continues at these highL/LEdd then 1H0707 should have
a slightly lower iron abundance that PG1244 in order to produce
the same ratio of FeII/broad Hβ. However, it seems likely that the
FeII/Hβ ratio would also be affected by geometry of the wind, so
the stronger wind in a more highly super-Eddington ßow in 1H0707
could compensate for this.

Eddington ratio is also known to correlate strongly with the 2-
10 keV spectral index (Shemmer et al. 2006; Vasudevan & Fabian
2007; 2009; Jin et al. 2012c). 1H0707 should then have a higherΓ

than PG1244, though this is poorly constrained from spectral Þts.
Simple wind models Þt to 1H0707 giveΓ = 3 .5 ± 0.8 (Done et
al. 2007), while more complex wind models are consistent with
Γ = 2 .6 (Hagino et al. 2016), whereas PG1244 hasΓ ∼ 2.5 (J13).
Hence the data are consistent with a steeper index in 1H0707 as
expected if it does have a higherL/LEdd, but do not signiÞcantly
require this.

Thus there is no obvious inconsistency with a model for these
two NLS1 where they have similar low masses and spins but where
1H0707 has higher inclination, and hence its similar optical ßux
requires higher mass accretion rate. Both are super-Eddington, but
1H0707 is more super-Eddington that PG1244, so has a stronger
wind which explains its lack of narrow optical line emission by
shielding the NLR, suppressing the narrow [OIII] lines compared
to PG1244 (Leighly 2004). The combination of more highly super-
Eddington ßow leading to stronger mass loss, together with higher
inclination angle means that the wind is more likely to be in the line
of sight for 1H0707.

This interpretation has much less soft X-ray emission than the
low mass, high spin models required by the relativistic reßection
interpretation. Nonetheless, the observed soft X-ray ßux is still a
factor90(11)× larger than the maximum observed from 1H0707,
and18(1.0)× that observed in PG1244. Thus there is still a strong
requirement of energy loss from the inner disc in 1H0707 and prob-
ably in PG1244 also. Strong energy losses are easily accommo-
dated within the super-Eddington ßows, as they can advect some of
the power, and/or use it to launch a wind. It could also potentially
launch an accretion powered jet, but both 1H0707 and PG1244 are
very radio quiet, so substantial jet losses seem unlikely. A simi-
larly extreme SED shape, with large advection/wind losses is seen
in one of the lowest mass AGN in the local Universe, GH08 (aka
RX J1140.1+0307: Miniutti et al. 2009; Jin, Done & Ward 2016). A
low spin solution requires less extreme energy loss, but this is still
over-predicts the observed 0.3-2 keV luminosity by a factor! 11
for the low mass/high inclination solution for 1H0707, even with
no colour temperature correction.

5.3 Spin and the trigger for highly relativistic jets

Highly relativistic jets are the most dramatic pointer to an accreting
black hole. Apparently superluminal radio blobs can be explained
only if the bulk Lorentz factor,Γ, is high, and if the angle,θ, be-
tween this motion and the observerÕs line of sight is small. The in-
trinsic emission of the blob is blue-shifted by a factorδ and bright-
ened by a factor∼ δ4, so the jet emission from the core appears
much more luminous in aligned versus non-aligned objects. This
means that they are extremely bright in radio (synchrotron from
the jet) and also in high energy GeV gamma-rays (synchrotron self
Compton or External Compton from the jet: e.g. Ghisellini et al.
2010).

Another pointer to such relativistic jets is the radio lobe emis-
sion on much larger (kpc) scales. This is the interaction of the jet
with its (stationary) environment, so is easily visible in non-aligned
objects. Population studies show that the Fanaroff-Riely type I and
II galaxies are consistent with being the misaligned versions of the
highly beamed BL Lacs and Flat Spectrum Radio Quasars (FSRQ),
respectively (Urry & Padovani 1995).

Most AGN do not show such large scale radio structures, but
weak core radio emission is ubiquitous. Clearly, the radio lumi-
nosity can also be dependent on the accretion power, so a better
way to parameterise the importance of the radio jet is via the radio-
loudness parameter,R, deÞned as the ratio of ßux at 5 GHz to
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‣ But the origin of the variability in the absorption lines is not clear
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Modeling the disk wind spectra
• To understand the absorption line variability, we construct “a new X-ray 

spectral model” of the disk wind on the assumption of the UV-line driven 
disk wind

• “UV-line driven disk wind” = Best candidate of the ultra-fast outflow

4

• Asymmetric wind geometry is expected
➡ It is very difficult to calculate the spectra from the asymmetric wind 

geometry

UV radiation
accretion 

disk

Black hole

X-ray 
source

centrifugal
force 

ionized 
gas‣ Accelerated by radiation 

pressure via bound-bound 
transition with UV photons

‣ σbb > 103−4 σT ! efficiently 
accelerate

‣ Radiation from AGN peaks at 
UV band
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Our disk wind model

5

• By using a Monte Carlo radiation transfer simulation, we calculate the disk 
wind spectra in the realistic wind geometry

width ∆E and only Fexxv Heα and Fexxvi Lyα lines are fitted. The best-fit functions

for the spectra are overplotted in the top panel of Fig. 4.4.

We fit the simulated spectra for 40 angles ranging from cos θ = ! 0.975 to 0.975. The

obtained values of the Doppler factors are plotted as a function of cos θ in the bottom

panel of Fig. 4.4. The fitting errors are also plotted in the figure, but are too small to

be seen. The red line in the figure is the theoretical function of Eq. 4.3. As shown, the

simulation results are completely consistent with Eq. 4.3.

4.3 Wind geometry

We adopt a biconical geometry as shown in Fig.4.5, which was developed for studying

radiative transfer in the wind of cataclysmic variables (Shlosman & Vitello, 1993) and

widely used for accretion disc winds (Knigge, Woods & Drew, 1995; Sim et al., 2008,

2010a). This geometry is defined by three parameters. All stream lines in the wind

converge at a focal point, which is at a distance d below the source. The wind is launched

from Rmin to Rmax on the disc, We first assume that d = Rmin and Rmax = 1.5Rmin .

This means that the wind fills a cone between θmin = 45! and θmax = 56.3! i.e. has solid

angle Ω/ 4π = 0.15. We define a mean launch radius R0 from the mean streamline i.e. it

makes an angle of θ0 " (θmin + θmax )/ 2. Thus, R0 = d tan θ0. The geometry is divided

into 100 shells. Each shell has an equal width on a logarithmic scale.

Radial velocity is defined as a function of length along the streamline l

vr (l) = v0 + (v" ! v0)

!
1 !

Rmin

Rmin + l

" !

. (4.5)

β determines the wind acceleration law, while v0 and v" are an initial radial velocity at

l = 0 and radial velocity at l = # . This equation is an extension of the classical CAK

model (section 2.2.5). The azimuthal velocity at the launching point R0 is assumed to

be the Keplerian velocity v" 0 =
#

GM/R 0.

According to angular momentum conservation, v" is written as a function of R

v" (R) = v" 0

R0

R
. (4.6)

The turbulent velocity vturb is composed of intrinsic turbulent velocity vt and velocity

shear (Appendix A4 of Schurch & Done 2007).

vturb (i) = vt +
vr (i) ! vr (i ! 1)

$
12

, (4.7)

where index i refers to the shell number and vr is a radial velocity.

Physical processes

• Photoionization

• Photoexcitation

• Compton scattering

• Doppler effect

- Ionization structure: 1-D along the stream line

- Monte Carlo radiation transfer simulation: 
“MONACO” (Odaka+ 2011)

- Self-consistently calculate both of the emission 
and absorption

accretion disk

X-ray 
source

disk wind

Based on the UV-line driven disk wind

- 3-D biconical geometry with 
Ω/4π=0.15

- Velocity distributions:
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θincl=58 deg (Δθ=1 deg)• Blue-shifted absorption & broad emission 
like the observation

• At large θincl

- high density! deep absorption

- observe slower component! broad

θincl=46 deg

θincl=58 deg

accretion disk
X-ray 

source

slow & dense

fast & thin

6

θincl=46 deg (Δθ=1 deg)

➡ Spectral features of absorption lines 
strongly depend on the inclination angle
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Application to the archetypal wind in PDS 456

7

• Fit all the spectra of PDS 456 observed by Suzaku by changing only the 
viewing angle and the outflow velocity
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• Successfully reproduce all the spectra without changing the global parameter, 
mass outflow rate (Ṁwind/ṀEdd~0.13(Ṁwind~10M! /yr), vwind~0.3c)

Δθ=3°
Δθ�• angle between 

line of sight and wind

Δθ=3°

Δθ=2° Δθ=8° Δθ=10°
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Hydrodynamic simulation of the UV-line driven disk wind (Proga+2000)

13.3 yr 14.6 yr 16.47 yr

Instability / inhomogeneity of the disk wind

• The variability of the absorption lines can be explained by the change 
of the outflowing angle

• Theoretically, the flapping or/and the inhomogeneity of the disk wind is 
naturally expected due to the hydrodynamic instability

8

➡ Our result indicates that the strong spectral variability could originate from 
the local instability of the wind, not from the global change of the wind
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Similar spectral variability in the “disk-line” source

• The most extreme “disk-line” source 1H 0707-495 is very similar to an 
archetypal wind source PDS 456

➡ The spectral feature in 1H 0707-495 seems to be made by the disk wind
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• The broader absorption line 
in 1H 0707-495 can be 
reproduced by our disk 
wind model with a higher 
inclination angle
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Reflected component

Powerlaw 
continuum

Soft 
excess

Traditional “disk-line” interpretation for 1H 0707-495

10

• This model requires extreme conditions:

- Black hole spin is close to maximum.

- Incident radiation is strongly focused on the disk inner edge

Dovciak et al. 2011

Reflected 
component

Powerlaw continuum
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Super-Eddington accretion in 1H 0707-495
• Super-Eddington accretion is required by fitting the optical data (Done 

& Jin 2016)
➡ In such a situation, the accretion disk must not be the standard 

thin disk, which is assumed in the disk-line model
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Figure 2. Continuum Þtting withOPTXCONV to the NLS1 a) 1H 0707-495 and b) PG 1244+026. The red, green and blue solid lines show the disc emission
inferred for an inclination of30! from the optical/UV continuum for spin ofa = 0 , 0.9 and0.998 respectively for a mass of2 ! 106 M " , while the dashed
lines show the same for a mass of107M " . For 1H 0707-495, the optical continual points (star symbol) extracted from the CTIO spectrum were scaled up by
50% to account for the discrepancy with OM data due to long term variability and/or aperture difference.

ably due to long term variability, but the CTIO spectrum was not
ßuxed (Leighly, private communication), so part of this may also
be due to slit losses.

NLS1 in general are less optically variable than Broad Line
Seyferts (e.g. Ai et al. 2013, but see Kelly et al. 2013), despite hav-
ing higher X-ray variability (e.g. Leighly et al. 1999; Ponti et al.
2012). 1H0707 has no optical monitoring data, but UV monitoring
by the XMM-Newton OM (UVW1 Þlter) shows factor 30% vari-
ability on timescales of years but less than 2% variability within
a single observation of! 100 ks timescale (Robertson et al. 2015;
see also Smith & Vaughan 2007 for similar limits on fast variability
in UVW2).

By contrast, 1H0707 shows dramatic X-ray variability. The
source ßux can drop by a factor of! 30, accompanied by strong
variation in spectral shape (e.g. Zoghbi et al. 2010). We systemat-
ically searched all available XMM-Newton observations for data
which spanned the range in X-ray shape and intensity. We ex-
tracted pn spectra from every 10 ks segment of each observation,
and selected the highest spectrum (Figure 2a: black spectrum from
the 60-70 ks segment in the observation on 2010-09-15, OBSID:
0653510401). The lowest spectrum has a low count rate, so we
combine two very similar spectra from 40-50 ks and 50-60 ks seg-
ments in the observation on 2011-01-12 (OBSID: 0554710801) to
obtain a low state spectrum with better S/N (Figure 2a: blue spec-
trum). We also select an intermediate state (Figure 2a: orange spec-
trum) from the 10-20 ks segment in the observation on 2007-05-14
(OBSID: 0506200301). The OM data for these observations are
remarkably constant. The largest difference is 10% in the UVW2
ßux between 2007-05-14 (intermediate-state X-ray spectrum) and
2010-09-15 (high-state X-ray spectrum), the other differences in
the same OM Þlters are all less than 4%. Since only the 2010-09-
15 observation has exposures in six OM Þlters (i.e. UVW2, UVM2,
UVW1, U, B, V), we used this dataset in Figure 2a. A similar range
in X-ray spectra is shown by Vasudevan et al. (2011), and they also
Þnd that this is not accompanied by strong optical/UV variability.

For PG1244, a 6 month optical reverberation mapping cam-

paign failed to constrain the black hole mass as there was no signif-
icant variability (K. Denny, private communication). We extracted
the two archival IUE observations of PG1244, taken 10 years apart,
and these show variability by a factor of! 2, similar to the vari-
ability seen between the OM and GALEX UV photometry (Jin,
Done & Ward 2013, hereafter: J13). Similarly, the 2-10 keV band
in PG1244 varies by a factor 2 on both long and short timescales
(J13 and the compilation of Ponti et al. 2012). The spectral shape
remains more or less constant during this variability, so we use pn
data from the longest XMM-Newton observation (123 ks XMM-
Newton on 2011-12-25, OBSID: 0675320101) to deÞne the typical
source spectrum (J13; Done et al. 2013, hereafter: D13). We use the
simultaneous OM data from this observation which matches well to
the SDSS spectrum.

Figures 2a and b show the resulting SEDs for 1H0707 and
PG1244, respectively, where we de-absorb the X-rays using only
the Galactic gas column ofNH = 4 .31 and 1.87 " 1020 cm# 2

(Kalberla et al. 2005), and de-redden the corresponding optical/UV
values ofE (B # V ) = 0 .073 and0.032 (Bessell 1991). The re-
sultant SEDs are then de-redshifted to the AGN rest frame. These
are the lowest possible absorption values as they only include ma-
terial in our galaxy. Any additional material in the host galaxy will
increase the intrinsic UV/soft X-ray ßux, and hence increase the
inferred mass accretion rate.

The optical/UV emission looks like a disc spectrum in both
objects, with no obvious ßattening at red wavelengths which would
indicate substantial host galaxy contamination (see e.g. the spec-
trum of IRAS 13224-3809 in Figure 1 of Leighly & Moore 2004).
Similarly, there are no obvious absorption lines from the host
galaxy in the spectra of either object, again, indicating that any host
galaxy contamination is low. Hence we Þt with a disc model to es-
timate the mass accretion rate. We use theOPTXCONV model of
D13, as this approximates the full radiative transfer, fully relativis-
tic models of Hubeny et al. (2001) (updated in Davis, Woo & Blaes
2007), but is more ßexible in spectral Þtting as it is analytic rather
than limited to precomputed tables. The intrinsic disc spectrum is
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Spectral fit with the disk wind model

12

• Reproduced the structure above ~7 keV in all the XMM-Newton/Suzaku 
observations by changing only the viewing angle.

➡ The spectra of 1H 0707-495 can be explained by the ultra-fast outflow (Ṁwind/
ṀEdd=0.2, vwind=0.2c)
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Comparison with NuSTAR data

• The extrapolation of our wind model for Obs15 gives a good fit to the 
NuSTAR spectra

• Higher energy spectrum is also explained by our disk wind model!!

13
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Conclusions

We have constructed a new spectral model by calculating the radiation 
transfer in the realistic wind geometry.

• Archetypal wind source PDS 456 (Hagino et al. 2015)

" Strong spectral variation in this source can be explained by the 
change of the viewing angle without changing mass outflow rate

" It indicates that the spectral variability is due to the local 
instability or inhomogeneity of the wind.

• “Disk-line” source 1H 0707-495 (Hagino et al. 2016)

" The strong Fe-K feature in all the spectra of 1H 0707-495 
observed by XMM-Newton/Suzaku are successfully reproduced 
by our disk wind model.

" Higher energy spectra by NuSTAR are also explained by our 
disk wind model.
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