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Observational requirement for feedback 

MBH -  σ relation

 Ferrarese, Merrit +00; Gebhardt +00; Kormendy +01; Merrit +01; Haring & Rix 04; Kormendy & Ho 13

MBH -  Mbulge

A deep link between BH and host galaxy ➜ Feedback



AGN
Radio mode

Quasar mode

Galaxy cluster

McNamara +09

Perseus cluster

Fabian +06

PDS 456

Nardini +15

UFO

Feruglio +10

Lots of evidence for winds (BAL QSO, WA, X-ray 
obscurers, BLR?) But powerful enough?

Molecular outflows
Mrk 231

Different modes of feedback
 Starburst galaxies

Starburst galaxy M82

Starburst driven 
outflows

Feedback in action!  



AGN outflows



Overview

• AGN feedback is necessary to establish BH-host 
co-evolution 

• massive/fast AGN outflows seen in X-rays are 
most probably provide feedback  

• Energetics/physical processes (how to regulate 
host star formation) are still unclear 



Ultra Fast Outflows in AGN
Risaliti +05The extreme WA case of NGC 1365

PG 1211+143

Even more extreme: UFO
vout ~ 1-5×103 km s-1 

The Fe K band reveals an extreme high 
ionisation component of the WA

Pounds +03; +06; 09; King +15

NH ~ 1023 cm-2      d ~ 100-200 rg

Risaliti +05
vout ~ 0.09 c



Properties of X-ray AGN winds
Tombesi +10;+11;+12;+13

WA 
UFO 
non-UFO Relevant for feedback

Kinetic luminosity of UFO is typically higher than 0.5-5 % LEdd   

➜ UFO produce feedback Di Matteo +05; Hopkins +10; 



Building a coherent picture of AGN winds

Highly significant detection 

➜ UFO is a real phenomenon! 

PDS 456

Nardini +15

Monte Carlo simulations of ultrafast outflows 671

Figure 8. Ratio of H-like to He-like iron through the wind, together with
the lines of sight for θ incl = 46◦, 50◦, 54◦ and 70◦ for the same simulation
as in Fig. 7, labelled with the total column density along that line of sight.
H-like ion is smaller than Fig. 5.

Figure 9. Suzaku data and MONACO spectrum in 2–10 keV band with
L = 1 × 1044 erg s−1, Ṁ = 10 M⊙ yr−1, v0 = vturb = 1000 km s−1,
β = 1 and Rmin = 20Rg. Best-fitting parameters are θ incl = 47.◦3 ± 0.◦4 and
# = 2.33 ± 0.01, and the redshift is fixed at z = 0.174 (v ≃ 0.308c). Fit
statistic is χ2 = 106.49/105.

−vφ0 cos(θincl + 90◦) ≃ (v∞/
√

2) sin(θincl) at maximum, giving a
red extension at ∼5.7 keV for the He-like line. Our model shows
that the red wing extends down to 6.0–6.3 keV (Fig. 9). This would
be better matched to the data if it happened at 6.5–6.7 keV, so we
experiment with different θmin but keep the same solid angle of the
wind. We get better fit for a wind with θmin = 35◦ (Fig. 10) but the
decrease in χ2 is not significant as these features are all small.

4.3 Emission lines from the wind and reflection from the disc

While the wind produces broadened emission lines from the H- and
He-like material in the wind, the disc should also contribute to the
emission via reflection. In our geometry, the disc still exists from
20Rg down to the innermost stable circular orbit. Hence, we include
neutral reflection (PEXMON) from this inner disc, with relativistic
blurring from KDBLUR with outer radius fixed at 20Rg, inner radius
fixed at 6Rg and emissivity fixed at 3. We assume that the inclination
angle for both PEXMON and KDBLUR is tied to inclination angle of the
wind model. We obtained fit statistics of 103.62, 105.69, 103.91,
107.93 and 111.16, with reflection fractions of 1 × 10−3, 0.15, 0.27,
0.30 and 0.35 for respective values of θmin = 35◦, 45◦, 55◦, 65◦,
75◦. We show the fit with θmin = 55◦ as this allows a contribution
from the inner disc reflection, as expected. The spectrum is shown
in the right-hand panel of Fig. 10.

5 A P P L I C ATI O N TO TH E OTH E R
O B S E RVAT I O N S

We also applied our MONACO models to the Suzaku data observed on
2011 March 16, 2013 February 21, 2013 March 3 and 2013 March
8 (Table 1). Hereafter, we refer to the data as 2011, 2013a,b and
c, respectively. The data were processed and grouped in the same
way as the 2007 data. The total net exposure times are 125.5, 182.3,
164.8 and 108.3 ks, respectively.

Fig. 11 shows the fluxed spectra of all Suzaku observations. The
spectra show a large variability in both the continuum shape and
Fe absorption lines. At first sight this variability appears correlated,
with strongest absorption lines in the hardest spectra. We first assess
the extent of the correlation of the absorption with spectral shape

Figure 10. Left: Suzaku data and MONACO spectrum in 2–10 keV band with L = 1 × 1044 erg s−1, Ṁ = 10 M⊙ yr−1, v0 = vturb = 1000 km s−1, β = 1,
Rmin = 20Rg and θmin = 35◦. Best-fitting parameters are θ incl = 37.◦4 ± 0.◦4, # = 2.30 ± 0.01, and the redshift is fixed at z = 0.174 (v ≃ 0.308c). Fit statistic
is χ2 = 103.62/105. Right: Suzaku data and MONACO spectrum with blurred disc reflection in 2–10 keV band with L = 1 × 1044 erg s−1, Ṁ = 10 M⊙ yr−1,
v0 = vturb = 1000 km s−1, β = 1, Rmin = 20Rg and θmin = 55◦. Best-fitting parameters are θ incl = 56.◦8 ± 0.◦3, # = 2.40 ± 0.04 and reflection fraction R ≃
0.27, and the redshift is fixed at z = 0.174 (v ≃ 0.308c). Fit statistic is χ2 = 103.91/104. We changed the y-axis scale to show the reflected spectrum. All
spectra are shown in the rest frame of PDS 456.
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Building a coherent picture of AGN winds

UFO
Tombesi +15IRAS11119  z = 0.189  

molecular outflow

➜ UFO and molecular outflow parts 
of the same wind 

➜ Energy conserving flow

momentum flux



Multi-λspectra

- blueshifted [OIII]λ5007 but NO molecular outflow in 
IR luminous galaxy

FWHM~350 km/s

et al. 2016). The stellar mass and SFR of IR-bright DOGs
detected by the Infrared Astronomical Satellite (IRAS;
Neugebauer et al. 1984) and/or AKARI presented by Toba
et al. (2017c) is plotted. The stellar mass and SFR of MS
presented by Elbaz et al. (2007) for star-forming galaxies at
z=1 and those of ULIRGs at 0<z<0.5 presented by
Kilerci Eser et al. (2014) are also shown in Figure 4. Note that
we corrected a possible offset of stellar masses discussed in
Section4.2.1 of Toba et al. (2017c) for the local SDSS sample
(Salim et al. 2016) and ULIRG sample (Kilerci Eser et al.
2014). We also corrected the stellar mass and SFR in the
literature to those assumed Chabrier IMF if needed (see Toba
et al. 2017c, for more detail). We found that WISE1029 is
located at a sequence of typical ULIRGs at similar redshifts
(Kilerci Eser et al. 2014) on SFR–M* plane. There is no
evidence of quenched SF associated with the AGN activities.

3.3. LFIR and ¢LCO Relation

Following that, we investigate the relation between FIR
luminosity and CO luminosity of WISE1029. FIR luminosity,
LFIR (40–120 μm) is estimated using an SED fitting as
described in Section 3.2. CO luminosities in units of
K km s−1 pc2 are derived using the following relation provided
by Solomon & Vanden Bout (2005),

n¢ = ´ D +- -( ) ( )L S v D z3.25 10 1 , 1LCO
7

CO obs
2 2 3

where SCOΔv, νobs, and DL are the CO integrated flux density
in units of Jy km s−1, the observing frequency in GHz, and the
luminosity distance in Mpc, respectively. The resultant FIR,
CO(2–1), and CO(4–3) luminosities are listed in Table 1. We
found that the luminosity ratio of CO(4–3) and CO(2–1) lines
(r42) to be 0.61±0.07. When we use a ratio of peak flux
instead of luminosity, r42=0.57±0.04. We found that r42 of
WISE1029 is consistent with that of ULIRGs at 0.2<z<1.0
(Combes et al. 2013) within errors.

Figure 2. CO(2–1) (top) and CO(4–3) (bottom) spectra of WISE1029 obtained
with the ALMA. The best-fit lines with Gaussian are over-plotted as red solid
lines. The velocity is relative to the systemic velocity measured by the fitting
with a stellar component in Toba et al. (2017a). The residual between data and
best-fit Gaussian is also shown in the lower panel of each spectrum.

Figure 3. SED of WISE1029. The blue, yellow, orange, and pink squares/
circles represent the data from SDSS, WISE, AKARI (3σ upper limit), and
ALMA, respectively. The contribution from the stellar, AGN, and SF
components to the total SEDs are shown as blue, green, and red lines,
respectively. The black solid line represents the resultant SED. The gray shaded
region represents the uncertainty of the best-fit SED.

Figure 4. Stellar mass and SFR for WISE1029 (red star). The yellow circles
represent those for IR-bright DOGs detected with AKARI or IRAS (Toba et al.
2017c). The pink crosses represent AKARI-selected ULIRGs at 0<z<0.5
(Kilerci Eser et al. 2014). The blue solid line is the main sequence (MS) of
normal SF galaxies selected from the SDSS (Chang et al. 2015) with scatter of
0.39 dex (blue dotted line). The cyan contours represent the SFR–M* relation
for a sample of GALEX–SDSS–WISE Legacy Catalog (GSWLC; Salim
et al. 2016) at z<0.3. The bin size is 0.2×0.2 in the units given in the plot.
The green line is the MS of SF galaxies at z=1 (Elbaz et al. 2007).

4

The Astrophysical Journal, 851:98 (7pp), 2017 December 20 Toba et al.WISE1029 Toba+17a, b
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Prospects of Athena for AGN feedback

Athena shall measure the kinetic energy in nearby AGN outflows and understand how 
accretion disks around SMBH launch winds and outflows

Athena shall probe the interaction of winds with their surroundings in local galaxies 
to understand how gas, metals and energy accelerated by winds are transferred into 

the IGM  
➜ template for higher z universe

Main science drivers of SWG 2.3
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Starburst driven 
wind



Overview

• - “Feedback” in the form of starburst outflows plays an 
important role in galaxy evolution, particularly 
regulating star formation 

• How energetic are starburst winds, especially superwinds?  
• How efficiently do starburst winds transport metals to the IGM? 

• - Starburst outflows are directly seen in UV absorption 
and molecular gas studies but most energy is in the hot 
“fluid” which potentially stays hot out into galaxy halos 



–Johnny Appleseed

“ここに引用を入力してください。”

Tuesday Jan 20, 2009 WFXT

From Strickland et al. 
(2009)

For both edge-on and face-on 
sight lines velocities of > 1000 
km s-1 may be observed



–Johnny Appleseed

“ここに引用を入力してください。”

From Strickland et al. 2009 IXO White paper 
See also Melioli et al. (2013)

How Important is the Hot Wind Fluid?

Gas mass Total energy



16,000 count spectrum of SN-II enhanced 0.4 keV plasma

Simple model 
single-kT, wind dominated

2.5 eV resolution

Strickland+09



–Johnny Appleseed

“ここに引用を入力してください。”

Simulations by D. Strickland, starting with narrow lines 
For ~ 2 eV spectral resolution, ~ 103 / 104 counts are required to constrain velocity centroid / 
width to within 50-100 km s-1.  
Centroid error likely dominated by calibration error above ~ 1000-2000 counts

Line Velocity Diagnostics

counts (0.3-2 keV)

Line widthLine centroid



Input model:  
kT=0.4 keV, velocity width=500 km/s ZFe= 0.5, Z∝ = 1.5 

Systematic error of 0.1 eV shown as dashed lines 
Simulations done by M. Yukita

Broad Line Diagnostics



Model and simulations by Edmund Hodges-Kluck

Toy Starburst Model

• - Thompson et al. (2016) superwind with various β (mass-loading) values 

• - 6 kpc x 2 kpc diameter exponential hot disk ISM with kT=0.4 keV,    
vrot=250 km/s 

• - Cold exponential disk absorber 

• - Beta-model hot halo with beta=0.5, kT=0.2, 0.3 solar, scale heights of 5 
kpc x 4 kpc 

• - X-ray binaries distributed with power-law XLF along disk 

• - Soft X-ray background model from Henley & Shelton (2013) 

• - Simulated starbursts at 5 Mpc 



𝛃=0.2 𝛃=0.5

𝛃=1.0

 Lehmer et al. (2013)

Toy Starburst Model

NGC 253 
Chandra



𝛃=0.2, ∆E=5 eV 𝛃=0.5, ∆E=5 eV

𝛃=0.2, ∆E=2.5 eV (X-IFU)

50 ks Simulations for an 
M82-like starburst at 5 
Mpc, 30” diameter 
region 1’ along minor 
axis

Black –Simulated data 
Red – Total model 
Green - Wind emission 
Blue – Disk 
Light Blue – Halo 
Magenta - XRBs

Example Spectra



M82 Diffuse-only X-IFU



–Johnny Appleseed

NGC 253 X-IFU 100 ks Simulation



“ここに引用を入力してください。”

1.4 m2 at 1 keV 2.0 m2 at 1 keV

Galaxy X-IFU Surface 
Brightness

5σ Exp. (ks) X-IFU Surface 
Brightness

5σ Exp. (ks)

NGC 3256 16.7 9.6 24.0 6.7

Henize 2-10 8.4 19.1 12.1 13.2

NGC 3310 6.4 25.3 9.1 17.5

VV 114 6.1 26.4 8.8 18.3

etc

5σ Exposure gives exposure time to get 10,000 counts in a 15”x15” region  
X-IFU Surface Brightness is in counts s-1 arcmin-2 based on total diffuse X-ray luminosity and 
source extent.  Total includes bgd. which is < 10% of counts in most cases. 

For mock observing plan, also included ULIRGS to have a total of 34 galaxies requiring 15 
(10) Ms for 1.5 (2.0) m2 at 1 keV. 

What will the Athena Starburst Sample 
Look Like?



• - Athena X-IFU observations promise to directly map out  
• the diffuse X-ray flux in a sample of ~ 30 nearby starburst and ULIRG 

galaxies 

• Spectral modeling needs to include background, updated estimates on 
achievable systematic energy calibration error 

• - Velocity/metalicity structure and energetics in winds will be 
quantitatively constrained. - Input to IGM/ICM 

Prospects of Athena for starburst winds


