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Figure 3. [Si vi] emission-line profiles from different regions in the central 4′′ × 4′′ (280 × 280 pc) of NGC 1068. The spectra have been extracted from apertures of
0.′′5 (35 pc) diameter. The locations of these regions are indicated by the arrows. The central panel shows the flux map of [Si vi] emission.
(A color version of this figure is available in the online journal.)

all the visible emission, F(Brγ )int, as well as within a circular
aperture equivalent to twice the spatial resolution achieved in
each galaxy (2×FWHM) and centered at the nucleus, F(Brγ )nuc.
In NGC 6814 and NGC 7469, these quantities were measured
in both the OSIRIS and SINFONI data sets, and the results
are consistent within 5%. The measurements are presented in
Table 2.

Despite the diversity of the observed morphologies, most of
the Brγ emission consists of a marginally resolved core (except
in NGC 3783 which is unresolved) and extended emission
out to several tens of parsecs. The emission in all cases is
diffuse or filamentary, and it is difficult to determine whether
it further breaks down into compact knots or blobs such as
those found in Hα or [O iii] images, even though the resolutions
are comparable. The only two cases where the nuclear emission
shows detailed structure (narrow-line clouds) are NGC 1068 and
NGC 4151. In order to quantify the extent of the Brγ emission
in all galaxies, we have plotted in Figure 6 the azimuthally
averaged surface brightness radial profiles of the Brγ flux
distribution. The azimuthal average of the Brγ emission is
consistent with a full-width at half-maximum (FWHMBrγ ) less
than 60 pc in all of the AGNs, with a mean FWHMBrγ for the
sample of 22 pc (Figure 6 and Table 2). These measurements
reflect the size of the compact and bright core in each galaxy.
We also measured the extent of the photometric semimajor axis
of the Brγ emission, RBrγ , as well as its P.A.Brγ (Table 2). The

measurements of RBrγ and P.A.Brγ were done directly on the
images, using as reference the contours corresponding to 5%
of the peak of Brγ emission. A comparison of the measured
Brγ sizes with measurements from [O iii] images is presented
in Table 2. The size of Brγ emission in two objects (NGC 3783
and NGC 6814) is consistent with the sizes of the NLR estimated
from [O iii] images. The HST [O iii] image of NGC 7469
shows a compact bright core (r < 180 pc), also seen in UV
images (Munoz-Marı́n et al. 2007), and extended emission up
to r ∼ 1300 pc. The OSIRIS Brγ flux map of this galaxy shows
a similar tendency (see Figure 5). While the compact emission
is likely associated with the AGN, the extended emission can
be attributed to circumnuclear star formation (Heckman et al.
1986; Genzel et al. 1995). Therefore, the NLR in this galaxy
must be very compact and its size is then consistent with the
measurements of RBrγ (130 < r < 180 pc). In Circinus,
NGC 1068, NGC 4151, and NGC 2992, the observations are
limited by the relatively small FOVs of SINFONI and OSIRIS,
but the Brγ flux maps at these scales show very similar
morphologies to those of the NLR as traced by [O iii] or Hα
images. All these facts confirm the validity of using Brγ as a
tracer of the NLR.

As can be seen in the velocity maps of Figures 4 and 5, there
is a great deal of diversity in the kinematics of the NLR at these
scales in the sample galaxies. Three cases are clearly identified:
(1) velocity fields dominated by rotation as in Circinus and
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above estimate comes from the variability time
scale of ~1 week of the Fe-K absorption feature,
probed during the monitoring of PDS 456 by the
Suzaku x-ray satellite in early 2013 (18). Indeed,
the historical behavior of the K-shell absorption
line(s) appears to be in keeping with a persistent

wind where the gas is in photo-ionization equi-
librium with the local radiation field.
We therefore adopt Rin = 100 rg ~ 1000 as-

tronomical units and take conservative values
for the other physical and geometrical quan-
tities involved (supplementary text). With all

the relevant pieces of information now availa-
ble, we determine a mass outflow rate at the
base of the wind of M

:
out~ 10 MSun/year, corre-

sponding (for a mass-to-radiation conversion
efficiency h ~ 0.1) to about half of the Eddington
accretion rate, the limit at which gravitational
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Fig. 2. Persistence of the P-Cygni–like feature.The ratio
of the observed emission over the continuum, which was
modeled as a partially absorbed power law to reproduce
the overall spectral curvature, is shown for XMM-Newton
data (in black; T1 SD error bars) and both NuSTARmodules
(superimposed as green and turquoise dots).The P-Cygni–
like profile is evident in each snapshot of the campaign,
irrespective of the different flux and spectral states of the
source.The peak of Fe Ka emission fromthewind lies above7
keV in each observation, and the absorption trough is centered
around 9 keV. The line’s profile can be resolved indepen-
dently at any epoch, with a full width at half-maximum for
both components of ~900 eV (or 30,000 km/s at 9 keV). The
vertical dotted line marks the rest-frame energy (6.97 keV)
of the Fe XXVI Ka transition. (A) Obs. 1. (B) Obs. 2. (C) Obs. 3.
(D) Obs. 4. (E) Obs. 5.
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Fig. 3. Fit with a P-Cygni line model. Adopting the same
baseline continuum of Fig. 2 (red curve), we fitted the emis-
sion and absorption residuals characterizing the Fe-K band
by means of a self-consistent P-Cygni profile from a spheri-
cally symmetric outflow (green curve). The results are shown
for themerged Obs. 3 and Obs. 4,which are separated by only
3 days and are virtually indistinguishable at 2 to 30 keV (Fig. 1).
The two NuSTAR modules were combined into a single spec-
trum (plotted in blue; T1 SD error bars) for display purposes
only. The inset contains a graphical explanation of the key
parameters of this model: the characteristic energy Ec, cor-
responding to the onset of the absorption component, and
the wind terminal velocity vV = 0.35 T 0.02 c, which can be
regarded as ameasure of the actual outflowing speed of the
gas.The bottom panel shows the ratio between the data and
the best-fit model.The residual structures above 10 keV are
due to the Kb and K edge absorption features from Fe XXVI.
These are not included in the P-Cygni model but are detected
with high significance (table S2) and remove any ambiguity in
the identification of the ionic species.
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AGN winds at subpc: ultra-fast outflows (UFOs)	
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blue-shifted X-ray absorption lines	
- ~40 % of all AGNs	

  both radio-quiet/radio-loud 	

- fast outflow: v~0.05-0.3c	

- highly ionized: Fe XXV/XXVI	

- high column density:	

  NH~1022-1024 cm-2	


- variable: tvar>~ks	

Lkin vs Lrad �

 ξion~103-106 erg s-1 cm	

- R~0.0003-0.03 pc (~10-104 Rs)	

- M~0.01-1 Msun/yr	

  Lkin~0.01-1 LEdd	

- broad opening angle ~<100 deg	

- independent of relativistic jet	


.	 Tombesi+ 13 �

Nardini+ 15 �

PDS 456	



accretion disk winds: formation mechanism(s)	


absorber’s properties of PG 1211+143,as manifested by the
Fe XXV/Fe XXVI transition properties, are determined mainly by
the wind mass flux ṁa,o, the disk temperature kTbbb, and the
observer’s viewing angle θ. By producing a grid of model K-
shell Fe absorption linesappropriate to photoionized MHD
winds, we found the that the absorber’sphysical conditions are
well constrained by our models. Thus, the Fe XXVand Fe XXVI

properties are respectively given by the location of maximum
opacity at =r R 234c S and 66, LOS velocity vc/c = 0.115 and
0.208, ionization parameter ξ =log 5.31c and 5.80, and the
total H-equivalent columns  = ×1.21 10H

23 cm−2 and
1.67 × 1023 cm−2, with the wind truncated at radius

≡ = ≈f R R 10 30t t S
1.48 . While the best-fit values of these

parameters are roughly consistent with the earlier analysis
(e.g., Gofford et al. 2013), our model can further provide a
geometrical and physical identification of the UFO in PG 1211
+143datarather than the phenomenological interpretation
illustrated in Figure 6(b). In fact, a recent discovery of the
unambiguous P-Cygni-like profile of the UFOs,made by
simultaneous X-ray observations usingXMM-Newton and
NuSTAR,of a similar luminous quasar, PDS 456, indicates a

similar spherically extended wind geometry rather than a
narrow collimated radial streamline (Nardini et al. 2015),
consistentwith our MHD-driven view discussed for
PG 1211+143.
Although in this paper we focused on the origin of the

detected Fe KαUFOs, our model winds extend over a large
range in r, ξ,and v. As such, they imply the presence of other
charged states that contribute to the Fe Kα transition by
including Fe XVIII–Fe XXIV. We found that if these additional
states had been included in our analysisthe Fe Kα feature
would have been much broader than seen in the data. Given our
fits of Figure 4(a) and Table 2, one must surmise that the
effective contribution to the 1s–2p transition from
Fe XVIIIthrough Fe XXIVin the data ought to be very small (if
any). There are a number of remedies.(i) It is conceivable that
the intrinsically broad absorption feature due to ionized iron at
all charge states could be externally filled by scattered resonant
line photons which would suppress its otherwise broader
signature. Any continuous wind model will inevitably come
across this issue of the contribution of states other than highly
ionized (e.g., H/He-like) ones. (ii) The radial wind density

Figure 5. Confidence contour plots for (a) temperature kTbbb and inclination θ and (b) truncation radius Rt and temperature kTbbb at a confidence levelof 68%, 90%,
and 99%, also indicated by the best-fit model (B) (cross). See Table 2 for details.

Figure 6. (a) Geometrical identification of the observed Fe XXV/Fe XXVI from theXMM-Newton/EPIC spectrum of PG 1211+143 with themhdwind model (B). We
show the global magnetic field lines (thick solid lines), normalized wind density θn r nlog( ( , ) )max (in color) and its contours (dashed lines), the velocity field (white
arrows), and the inferred location of Fe XXV and Fe XXVI. See Table 2 for details. (b) Schematic to illustrate the MHDdriven AGN winds.
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Fig. 4. Continuum-subtracted IRAM-PdBI spectra, maps and position–velocity diagram of the CO(1–0) emission line of Mrk 273. Panels a) and b)
show the spectra extracted from a circular aperture with a diameter of 5 arcsec and from the central pixel, respectively. For display purposes, the
spectra are re-binned in channels of 53 km s−1 (and in channels of 160 km s−1 in the insets). In both panels a) and b), the narrow core of the line
is fitted with two Gaussian functions (red dashed lines, further comments in the text and in the appendix). c), d) Cleaned map of the emission
integrated in the blue and red-shifted CO(1–0) wings. Contours correspond to 1σ (1σ rms noise of the two maps is 0.2 mJy beam−1). The
physical scale at the redshift of the source is 0.746 kpc arcsec−1. e), f) Position–velocity diagram along the major axis of rotation. Contours are
in steps of 1σ (up to 10σ) in panel e), and 5σ in inset f); negative contours are in steps of 1σ (magenta dashed lines). Each pixel corresponds to
2.2 arcsec× 120 km s−1 in diagram e), and to 1.1 arcsec× 54 km s−1 in inset f).

of 6σ and 9σ, respectively, as shown by their integrated maps
in panels c and d. The rotation in the central concentration of
molecular gas is not clearly resolved by our D-configuration (i.e.
low spatial resolution) observations (Fig. 4f). However, PdBI ob-
servations of the CO(2–1) transition presented by Downes &
Solomon (1998) resolve the kinematics of the nuclear disk of
Mrk 273, revealing a velocity centroid that changes from –300
to 200 km s−1. The PV diagram in panels e, f shows that the
CO(1–0) emission at |v| > 400 km s−1 does not follow the cen-
tral rotation pattern, and can therefore be ascribed to the molec-
ular outflows detected by Herschel-PACS (Veilleux et al. 2013).
We note that even if restricting the velocity range of integra-
tion to velocities |v| > 500 km s−1, the broad CO(1–0) wings of
Mrk 273 are still both detected at a significance of 5σ.

In principle, the need for two Gaussians to reproduce
the core of the CO(1–0) emission is not an anomaly (see also
the case of Mrk 231, Cicone et al. 2012), but it can reflect the
kinematics of the rotating gas in the central molecular disk.
However, we cannot rule out the possibility that the asymme-
try on the red side of the line core, which is fitted by the smaller
Gaussian centred at about 250 km s−1, is also a signature of out-
flow. Indeed we detect in our channel maps (not shown) a blob
elongated towards the north at velocities v > 150 km s−1, further
confirming our hypothesis that the red-shifted peak of CO(1–0)

emission, manifestly visible in the spectra in Fig. 4a, b, is tracing
the low-velocity component of a prominent red-shifted outflow.
Such outflow is mostly extended to the north up to velocities of
500 km s−1, while it is more compact at higher velocities.

For the molecular outflow in Mrk 273, we estimate an aver-
age radius of about 600 pc (see appendix for details) and a mass
of ∼1.7 × 108 M$, yielding a mass-loss rate of 600 M$ yr−1.

IRAS F23060+0505

To our knowledge, this is the first published observation of
the CO(1–0) molecular transition in the powerful Type-2 QSO
and ULIRG IRAS F23060+0505. We measure a total integrated
CO flux of S CO,TOT = (15.30± 0.20) Jy km s−1. The continuum-
subtracted CO(1–0) spectra, extracted from an aperture with di-
ameter of 10 arcsec and from the central pixel, are shown in
panels a, b of Fig. 5. The spectrum extracted from a 10 arcsec
aperture shows some indication of broad CO emission, which
extends up to at least v ∼ 1000 km s−1 on the red-shifted side.
Such evidence of high velocity emission is much more marginal
in the central pixel spectrum. An interesting emission feature at
red-shifted velocities of v ∈ (200, 400) km s−1 is clearly distin-
guishable in both spectra.
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evidence of AGN feedback in action	

ALMA observations of NGC 1068 	S. García-Burillo et al.: Molecular line emission in NGC 1068 imaged with ALMA. I.

Fig. 1. a) The continuum emission map of NGC 1068 obtained with ALMA at 349 GHz. The map is shown in color scale (in Jy beam�1 units as
indicated) with contour levels 3�, 5�, 10�, 15�, 20�, 30� to 120� in steps of 15�, where 1� = 0.14 mJy beam�1. (�↵, ��)-o↵sets are relative
to the location of the phase tracking center adopted in this work: ↵2000 = 02h42m40.771s, �2000 = �00�00047.8400. We highlight the location of
the regions and components of the emission described in Sect. 3: the CND, the bar (identified by a representative isophote of the NIR K-band
image of 2MASS), the bow-shock arc, and the SB ring. We also plot the edge of the eleven-field mosaic (gray dashed contour). The filled ellipse
at the bottom right corner represents the beam size at 349 GHz (0.006 ⇥ 0.005 at PA = 60�). b) Same as a) but zooming in on the CND region. The
position of the AGN ([�↵, ��] ⇡ [–0.900, –0.100] = [↵2000 = 02h42m40.71s, �2000 = �00�00047.9400]) is highlighted by the star marker. c) Continuum
emission in the CND region at 689 GHz. Color scale is given in Jy beam�1 units. Contour levels are 3�, 5�, 7�, and 10� to 25� in steps of 5�,
where 1� = 1.95 mJy beam�1. The filled ellipse at the bottom right corner represents the beam size at 689 GHz (0.004 ⇥ 0.002 at PA = 50�).

which shows a rich substructure, with two knots of emis-
sion located east and west of the nucleus, is remarkably o↵-
centered relative to the location of the AGN. The latter is
identified as the strongest emission peak in the continuum
map at [�↵, ��] ⇡ [–0.900, –0.100] = [↵2000 = 02h42m40.71s,
�2000 = �00�00047.9400]. This maximum coincides within
the errors with the position of the AGN core (S 1) determined
from VLBI radiocontinuum maps of the galaxy (Gallimore
et al. 1996, 2004). The striking o↵-centered ring morphology
of the CND is echoed by the molecular line emission maps
discussed in Sect. 5. This particular geometry questions the
simplest scenario that interprets the gas ring as the signature
of the ILR region located at r  500 (Schinnerer et al. 2000;
García-Burillo et al. 2010).

2. The bar: inside the domain occupied by the stellar bar, which
extends along PA ⇠ 46± 2� up to a corotation radius RCOR ⇠
18 ± 200 (⇠1.3 kpc) (Scoville et al. 1988; Bland-Hawthorn
et al. 1997; Schinnerer et al. 2000; Emsellem et al. 2006),
we identified an arc of dust emission on the northeast side of
the disk at distances ⇠4�700 from the AGN (deprojected radii
r ⇠ 350�650 pc). The source, hereafter referred to as the
bow-shock arc, has a V-shaped morphology on its far side.
This feature coincides in position with the northern edge of
the AGN nebulosity identified in ionized gas emission, and
with the northeast radio lobe. Wilson & Ulvestad (1987) in-
terpreted the limb-brightened shape and the high polarization
of the northeast radio lobe as the signature of a bow-shock
in the galaxy disk. Leaving aside some isolated clumps, no
significant emission is detected anywhere else inside the bar
region.

3. The SB ring: most of the emission in the disk (�72% of the
flux integrated within the ALMA mosaic) is detected from a

two-arm spiral structure that starts from the ends of the stel-
lar bar and unfolds in the disk over ⇠180� in azimuth form-
ing a pseudo-ring at r ⇠ 1800(⇠1.3 kpc), i.e., the position of
the ILR resonance of the outer oval (Schinnerer et al. 2000).
Continuum emission at 349 GHz over the SB ring is highly
clumpy.

3.2. Observations at 689 GHz

Figure 1c shows the continuum emission map obtained in Band 9
(at 689 GHz) in the inner ⇠900 field-of-view imaged by ALMA,
which covers completely the CND region3. Similar to the pic-
ture drawn from observations in Band 7, the CND emission in
Band 9 stems from a clumpy ring that is o↵-centered relative
to the AGN. The prominent east and west knots identified in
Band 7 are spatially resolved into several clumps, due to the
higher spatial resolution at 689 GHz. Furthermore, while emis-
sion is also detected at the AGN locus, like in Band 7 observa-
tions, the strongest peak coincides with the position of the east
knot. There is also a secondary peak of emission in Band 9 which
is shifted to the northeast forming a spatially resolved ⇠35 pc –
size elongated structure that connects the AGN with the CND
along PA ⇠ 25�. This feature is reminiscent of the ⇠north-south
elongated source present in the mid-infrared (MIR) maps of the
central r ⇠ 1�200 of the galaxy. This component has been at-
tributed to emission of hot dust from narrow-line-region (NLR)
clouds (Bock et al. 1998, 2000; Alloin et al. 2000; Tomono et al.
2001, 2006; Galliano et al. 2005; López-Gonzaga et al. 2014).
Gallimore et al. (2001) mapped the subarcsecond radio jet and

3 The bow-shock arc region, not shown in Fig. 1c, lies beyond the half
power of the primary beam of ALMA at 689 GHz.
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S. García-Burillo et al.: Molecular line emission in NGC 1068 imaged with ALMA. I.

Fig. 1. a) The continuum emission map of NGC 1068 obtained with ALMA at 349 GHz. The map is shown in color scale (in Jy beam�1 units as
indicated) with contour levels 3�, 5�, 10�, 15�, 20�, 30� to 120� in steps of 15�, where 1� = 0.14 mJy beam�1. (�↵, ��)-o↵sets are relative
to the location of the phase tracking center adopted in this work: ↵2000 = 02h42m40.771s, �2000 = �00�00047.8400. We highlight the location of
the regions and components of the emission described in Sect. 3: the CND, the bar (identified by a representative isophote of the NIR K-band
image of 2MASS), the bow-shock arc, and the SB ring. We also plot the edge of the eleven-field mosaic (gray dashed contour). The filled ellipse
at the bottom right corner represents the beam size at 349 GHz (0.006 ⇥ 0.005 at PA = 60�). b) Same as a) but zooming in on the CND region. The
position of the AGN ([�↵, ��] ⇡ [–0.900, –0.100] = [↵2000 = 02h42m40.71s, �2000 = �00�00047.9400]) is highlighted by the star marker. c) Continuum
emission in the CND region at 689 GHz. Color scale is given in Jy beam�1 units. Contour levels are 3�, 5�, 7�, and 10� to 25� in steps of 5�,
where 1� = 1.95 mJy beam�1. The filled ellipse at the bottom right corner represents the beam size at 689 GHz (0.004 ⇥ 0.002 at PA = 50�).

which shows a rich substructure, with two knots of emis-
sion located east and west of the nucleus, is remarkably o↵-
centered relative to the location of the AGN. The latter is
identified as the strongest emission peak in the continuum
map at [�↵, ��] ⇡ [–0.900, –0.100] = [↵2000 = 02h42m40.71s,
�2000 = �00�00047.9400]. This maximum coincides within
the errors with the position of the AGN core (S 1) determined
from VLBI radiocontinuum maps of the galaxy (Gallimore
et al. 1996, 2004). The striking o↵-centered ring morphology
of the CND is echoed by the molecular line emission maps
discussed in Sect. 5. This particular geometry questions the
simplest scenario that interprets the gas ring as the signature
of the ILR region located at r  500 (Schinnerer et al. 2000;
García-Burillo et al. 2010).

2. The bar: inside the domain occupied by the stellar bar, which
extends along PA ⇠ 46± 2� up to a corotation radius RCOR ⇠
18 ± 200 (⇠1.3 kpc) (Scoville et al. 1988; Bland-Hawthorn
et al. 1997; Schinnerer et al. 2000; Emsellem et al. 2006),
we identified an arc of dust emission on the northeast side of
the disk at distances ⇠4�700 from the AGN (deprojected radii
r ⇠ 350�650 pc). The source, hereafter referred to as the
bow-shock arc, has a V-shaped morphology on its far side.
This feature coincides in position with the northern edge of
the AGN nebulosity identified in ionized gas emission, and
with the northeast radio lobe. Wilson & Ulvestad (1987) in-
terpreted the limb-brightened shape and the high polarization
of the northeast radio lobe as the signature of a bow-shock
in the galaxy disk. Leaving aside some isolated clumps, no
significant emission is detected anywhere else inside the bar
region.

3. The SB ring: most of the emission in the disk (�72% of the
flux integrated within the ALMA mosaic) is detected from a

two-arm spiral structure that starts from the ends of the stel-
lar bar and unfolds in the disk over ⇠180� in azimuth form-
ing a pseudo-ring at r ⇠ 1800(⇠1.3 kpc), i.e., the position of
the ILR resonance of the outer oval (Schinnerer et al. 2000).
Continuum emission at 349 GHz over the SB ring is highly
clumpy.

3.2. Observations at 689 GHz

Figure 1c shows the continuum emission map obtained in Band 9
(at 689 GHz) in the inner ⇠900 field-of-view imaged by ALMA,
which covers completely the CND region3. Similar to the pic-
ture drawn from observations in Band 7, the CND emission in
Band 9 stems from a clumpy ring that is o↵-centered relative
to the AGN. The prominent east and west knots identified in
Band 7 are spatially resolved into several clumps, due to the
higher spatial resolution at 689 GHz. Furthermore, while emis-
sion is also detected at the AGN locus, like in Band 7 observa-
tions, the strongest peak coincides with the position of the east
knot. There is also a secondary peak of emission in Band 9 which
is shifted to the northeast forming a spatially resolved ⇠35 pc –
size elongated structure that connects the AGN with the CND
along PA ⇠ 25�. This feature is reminiscent of the ⇠north-south
elongated source present in the mid-infrared (MIR) maps of the
central r ⇠ 1�200 of the galaxy. This component has been at-
tributed to emission of hot dust from narrow-line-region (NLR)
clouds (Bock et al. 1998, 2000; Alloin et al. 2000; Tomono et al.
2001, 2006; Galliano et al. 2005; López-Gonzaga et al. 2014).
Gallimore et al. (2001) mapped the subarcsecond radio jet and

3 The bow-shock arc region, not shown in Fig. 1c, lies beyond the half
power of the primary beam of ALMA at 689 GHz.
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Fig. 4. a) The CO(3–2) integrated intensity map obtained with ALMA using an eleven-field mosaic in the disk of NGC 1068. The map is shown
in color scale with contour levels 5�, 10�, 20�, 30�, 45�, 70�, 100� to 500� in steps of 50�, and 600� to 800� in steps of 100�, where 1� =
0.22 Jy km s�1beam�1. The filled ellipse at the bottom right corner represents the CO(3-2) beam size (0.006 ⇥ 0.005 at PA = 60�). b) Same as a) but
zooming in on the CND region. c) Same as b) but for the CO(6–5) line, obtained with a single field mosaic. Contour levels are: 5�, 10�, 20�,
30� , 40�, 70�, 90�, 120� to 240� in steps of 40� , where 1� = 2 Jy km s�1beam�1. The filled ellipse at the bottom right corner represents the
CO(6-5) beam size (0.004 ⇥ 0.002 at PA = 50�).

the molecular ring imaged with the Very Large Telescope
(VLT) in the 2.12 µm H2 line by Müller-Sánchez et al.
(2009). The brightest CO(3-2) emission features are also de-
tected and spatially resolved in the CO(6–5) map of Fig. 4c.

2. The bar: the CND appears connected to lower-level emission
which extends farther out in the disk into the stellar bar re-
gion. On these scales the CO(3–2) emission is detected along
two lanes, o↵set by 2�400, which run mostly parallel to the
bar’s major axis (PA = 46 ± 2�; Scoville et al. 1988; Bland-
Hawthorn et al. 1997; Schinnerer et al. 2000; Emsellem et al.
2006). These are reminiscent of the gas leading edge mor-
phology that is expected to prevail between the corotation of
the bar and the ILR region. This is illustrated in Fig. 5, which
shows the emission of CO(3–2) at two velocity channels
symmetrically located relative to vsys: v � vsys = �50 km s�1

and +50 km s�1, with vsys(HEL) = 1127 ± 3 km s�1 as de-
termined in Sect. 6.1.1. Gas emission along the bar’s leading
edges appears at the velocity range expected for gas falling
to the nucleus: at redshifted velocities on the southwest-
ern (near) side and blueshifted velocities on the northeast-
ern (far) side. We nevertheless detect a gas component with
anomalously redshifted velocities on the northeastern side of
the disk at distances ⇠4�700 from the AGN. This CO feature,
closely associated with the bow-shock arc identified in dust
continuum emission, is interpreted in Sect. 6 as the signature
of a molecular outflow.

3. The SB ring: similar to the dust emission, most of the
CO(3–2) flux in the disk mapped by ALMA ('63% of the
grand total) is detected in the SB ring. The two spiral arms,
which unfold over ⇠180� in azimuth, are spatially resolved.
The (transverse) widths of the arms go typically from 100 pc
to 350 pc. Figure 6 shows that the SB ring concentrates most
of the ongoing massive star formation in the disk identified
by strong Pa↵ emission. The emission of CO(3–2) over the

Fig. 5. Zoom in of the inner disk of NGC 1068 to show the overlay of
two CO(3–2) velocity channel maps obtained for v � vsys = �50 (black
contours: 5, 10, 20 to 100% in steps of 20% of the peak value = 1 Jy)
and 50 km s�1 (white contours: 5, 10, 20 to 100% in steps of 20% of
the peak value = 0.5 Jy), with vsys(HEL) = 1127± 3 km s�1, on the NIR
K-band image (in color scale and arbitrary units) of NGC 1068 obtained
by the Two Micron All Sky Survey (2MASS). We highlight the location
of gas emission along the bar’s leading edges as well as the existence of
an anomalous component associated with the outflow. The orientation
of the stellar bar’s major axis along PA = 46� is marked by a dashed
line.

SB ring is highly clumpy and it appears to be organized
as coming from molecular cloud associations of �50 pc-
size which are also identified in the dust continuum map,
as shown in Fig. 7.
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Fig. 4. a) The CO(3–2) integrated intensity map obtained with ALMA using an eleven-field mosaic in the disk of NGC 1068. The map is shown
in color scale with contour levels 5�, 10�, 20�, 30�, 45�, 70�, 100� to 500� in steps of 50�, and 600� to 800� in steps of 100�, where 1� =
0.22 Jy km s�1beam�1. The filled ellipse at the bottom right corner represents the CO(3-2) beam size (0.006 ⇥ 0.005 at PA = 60�). b) Same as a) but
zooming in on the CND region. c) Same as b) but for the CO(6–5) line, obtained with a single field mosaic. Contour levels are: 5�, 10�, 20�,
30� , 40�, 70�, 90�, 120� to 240� in steps of 40� , where 1� = 2 Jy km s�1beam�1. The filled ellipse at the bottom right corner represents the
CO(6-5) beam size (0.004 ⇥ 0.002 at PA = 50�).

the molecular ring imaged with the Very Large Telescope
(VLT) in the 2.12 µm H2 line by Müller-Sánchez et al.
(2009). The brightest CO(3-2) emission features are also de-
tected and spatially resolved in the CO(6–5) map of Fig. 4c.

2. The bar: the CND appears connected to lower-level emission
which extends farther out in the disk into the stellar bar re-
gion. On these scales the CO(3–2) emission is detected along
two lanes, o↵set by 2�400, which run mostly parallel to the
bar’s major axis (PA = 46 ± 2�; Scoville et al. 1988; Bland-
Hawthorn et al. 1997; Schinnerer et al. 2000; Emsellem et al.
2006). These are reminiscent of the gas leading edge mor-
phology that is expected to prevail between the corotation of
the bar and the ILR region. This is illustrated in Fig. 5, which
shows the emission of CO(3–2) at two velocity channels
symmetrically located relative to vsys: v � vsys = �50 km s�1

and +50 km s�1, with vsys(HEL) = 1127 ± 3 km s�1 as de-
termined in Sect. 6.1.1. Gas emission along the bar’s leading
edges appears at the velocity range expected for gas falling
to the nucleus: at redshifted velocities on the southwest-
ern (near) side and blueshifted velocities on the northeast-
ern (far) side. We nevertheless detect a gas component with
anomalously redshifted velocities on the northeastern side of
the disk at distances ⇠4�700 from the AGN. This CO feature,
closely associated with the bow-shock arc identified in dust
continuum emission, is interpreted in Sect. 6 as the signature
of a molecular outflow.

3. The SB ring: similar to the dust emission, most of the
CO(3–2) flux in the disk mapped by ALMA ('63% of the
grand total) is detected in the SB ring. The two spiral arms,
which unfold over ⇠180� in azimuth, are spatially resolved.
The (transverse) widths of the arms go typically from 100 pc
to 350 pc. Figure 6 shows that the SB ring concentrates most
of the ongoing massive star formation in the disk identified
by strong Pa↵ emission. The emission of CO(3–2) over the

Fig. 5. Zoom in of the inner disk of NGC 1068 to show the overlay of
two CO(3–2) velocity channel maps obtained for v � vsys = �50 (black
contours: 5, 10, 20 to 100% in steps of 20% of the peak value = 1 Jy)
and 50 km s�1 (white contours: 5, 10, 20 to 100% in steps of 20% of
the peak value = 0.5 Jy), with vsys(HEL) = 1127± 3 km s�1, on the NIR
K-band image (in color scale and arbitrary units) of NGC 1068 obtained
by the Two Micron All Sky Survey (2MASS). We highlight the location
of gas emission along the bar’s leading edges as well as the existence of
an anomalous component associated with the outflow. The orientation
of the stellar bar’s major axis along PA = 46� is marked by a dashed
line.

SB ring is highly clumpy and it appears to be organized
as coming from molecular cloud associations of �50 pc-
size which are also identified in the dust continuum map,
as shown in Fig. 7.
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S. García-Burillo et al.: Molecular line emission in NGC 1068 imaged with ALMA. I.

Fig. 15. Overlay of the residual mean-velocity field
(hVresi) of Fig. 14, in color scale, with the contours
representing: the integrated intensity of CO(3–2) (a);
contours as in Fig. 14), the 349 GHz continuum emis-
sion (b); contours as in Fig. 1), the HST Pa↵ emis-
sion (c): with contours 0.2%, 0.5%, 1% to 5% in steps
of 1%, 10% to 90% in steps of 20% of the peak value =
1000 counts s�1pixel�1), and the 22 GHz VLA map
of Gallimore et al. (1996) (d): with contours 1%, 2%,
5%,10%, 15%, 20%, 30%, 50%, 70%, and 90% of the
peak value = 36 mJy beam�1).

gas/dust distribution in the inner disk suggests that a significant
fraction of the gas in this region is associated with the outflow, as
shown in Figs. 15a and b. Most remarkably, Figs. 15c and d show
a noticeable spatial correlation between the AGN ionized nebu-
losity, traced by Pa↵ emission, the radio jet plasma, traced by the
radio continuum emission at 22 GHz, and the molecular outflow
signature identified in the CO velocity field. This close associa-
tion, which applies to a large range of radii and to a wide angle in
the disk, suggests that a sizable fraction of the dense molecular
gas traced by CO(3–2) is being entrained due to AGN feedback
in the CND, and farther out in the disk, in the bow-shock arc
region (located at r ⇠ 400 pc).

6.1.2. Mass outflow rate

To derive the mass load of the outflow we need to estimate the
characteristic mass (Mmol) as well as the projected values of the
radial size (Rout) and velocity (Vout) of the outflow, and also as-
sume a certain geometry (i.e., a certain angle ↵ between the out-
flow and the line of sight). If we assume a multi-conical outflow
uniformly filled by the outflowing clouds (Maiolino et al. 2012;
Cicone et al. 2014), the mass load rate (dM/dt) can be estimated
from the expression

dM
dt
= 3 ⇥ Vout ⇥ Mmol/Rout ⇥ tan(↵). (4)

As discussed by Maiolino et al. (2012), if instead of a homoge-
neous multi-conical outflow, we assume a single shell-like ge-
ometry of thinness dRout (where generally dRout ⌧ Rout), the
above estimate should be replaced by

dM
dt
= Vout ⇥ Mmol/dRout ⇥ tan(↵). (5)

In the following we use Eq. (4), as it provides a more conser-
vative lower limit to the outflow rate estimated globally over
the CND.

The mass (Mmol) has been calculated from the CO(3–2) data
cube, after subtraction of the projected rotation curve (derived
in Sect. 6.1), by integrating the emission of the line outside a
velocity range hVresi = [�50,+50] km s�1, which encompasses
most of the expected virial motions around rotation. We deter-
mine that '50% of the total CO(3–2) flux in the CND stems
from the outflow component. A similar percentage is derived for
the bow-shock arc region, where we also find the signature of
the outflow at larger radii. This translates into a total molecular
mass Mmol ⇠ 1.8+0.6

�1.1 ⇥ 107 M� for the CND, including the mass
of helium, if we assume a CO conversion factor ⇠1/(4+6

�1) of the
MW value (see discussion in Sect. 5.4). We note that this esti-
mate is rather conservative as the XCO conversion factor for the
fraction of molecular gas that participates in the outflow could
be higher if this component consists of an ensemble of optically
thick dense clumps embedded in a di↵use medium.

The average projected radial extent of the outflow in the
CND is Rout ⇠ 1.500 (100 pc) and the projected radial velocities
Vout are close to ⇠100 km s�1 according to the residual velocity
field shown in Figs. 14–16.

The implied outflow rate given by Eq. (4) is dM/dt ⇠
54+18
�32 ⇥ tan(↵) M� yr�1 , where ↵ reflects the unknown angle

between the outflow and the line-of-sight. If we assume that the
outflow is coplanar with the main disk, tan(↵) = 1/ tan(i), where
i = 41�, then dM/dt ⇠ 63+21

�37 M� yr�1. This is significantly above
the mass load rate estimated on similar spatial scales for the
ionized gas outflow: ⇠9 M� yr�1 (Müller-Sánchez et al. 2011).
The molecular mass load rate implies a very short gas depletion
timescale of 1 Myr in the CND.

Krips et al. (2011) used a simplified model to fit by eye the
CO(3–2) spectra of the CND obtained by the SMA. While based
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Fig. 17. A revised version of the kinematic model of the NLR, first proposed by Tecza et al. (2001) and Cecil et al. (2002), which now accounts for
the molecular outflow (denoted in figure as CO outflow) detected by ALMA in the CND (seen in projection in N and S, for northern and southern
knots) and farther north in the molecular disk. The figure shows a crosscut of the NLR as viewed from inside the galaxy disk along the projected
direction of the radio jet (PA ⇠ 30�; shown by the green line). We highlight the extent of the ionized gas outflow (light purple shade) and the
assumed geometry defined by angles ↵ and i.

Objects (YSOs) (e.g., Arce et al. 2007 and references therein).
These observations show that the abundance of some molecu-
lar species can undergo spectacular enhancements in the out-
flow gas, due to the onset of shock chemistry. Besides classical
shock tracers such as SiO, whose abundance can be enhanced by
factors of about 104, molecular species which are less specific
to shock environments, such as HCN or CS, can also undergo
significant order-of-magnitude enhancements (e.g., Tafalla et al.
2010; Tafalla 2013). The detection of strong emission from some
of these tracers, such as HCN or CS, at the velocities identified
as abnormal in NGC 1068 suggests that molecular clouds sur-
vive in the outflow and that shock chemistry is likely at work in
this component.

7. Molecular line ratios and environment

7.1. The SB ring versus the CND

Figure 18 shows the overlay of the HST Pa↵ emission map
on the CO(3–2)/CO(1–0) (hereafter R32/10) and CO(6–5)/
CO(3–2) (hereafter R65/32) line ratio maps. Line ratios were
derived in Tmb units. To derive the 3–2/1–0 brightness tempera-
ture ratio, shown in panels a and b, we degraded the 3–2 map to
the spatial resolution of the 1–0 observations of Schinnerer et al.
(2000) (200⇥1.001). The CO(6–5)/CO(3–2) brightness temperature
ratio map, shown in panel c, was derived at the spatial resolution
of the 3–2 ALMA observations (0.006 ⇥ 0.005). Line ratios were
obtained assuming a common 3� clipping on the integrated in-
tensities to assure image reliability.

The R32/10 ratio changes significantly depending on the
particular environment of the disk. The average ratio is ⇠1.2 ±
0.02 in the SB ring yet R32/10 shows a large dispersion of val-
ues: R32/10 ⇠ 0.7�1 in the less actively star-forming regions
of the SB ring, which are characterized by low or undetected
Pa↵ emission, while the strongest Pa↵ emitting regions show ⇠a
factor 3–4 higher ratios (R32/10 ⇠ 2�3).

Overall, the R32/10 ratio in the CND, ⇠2.7 ± 0.1, is higher
than in the SB ring, in agreement with the global values mea-
sured with the PdBI and the SMA by Krips et al. (2011) and
Tsai et al. (2012). In summary, the R32/10 ratios measured in
NGC 1068, most particularly those of the CND, are at the high
end of the typical values observed in the centers of nearby nor-
mal and starburst galaxies: ⇠0.5–1.4 (Devereux et al. 1994),
⇠0.2–0.7 (Mauersberger et al. 1999),⇠0.2–1.9 (Mao et al. 2010),
an indication that the excitation of molecular gas is extreme in
the CND (Krips et al. 2011; Paper II).

7.2. Line ratio changes in the CND: the footprint
of AGN feedback?

At the spatial resolution used in Figs. 18a and b, the R32/10 ra-
tio shows a range of values in the CND: R32/10 goes from ⇠1
at the southern end of the ring to ⇠5 at the northern end, and it
is ⇠3–4 at the AGN and at the E and W CO knots. The R32/10
ratio shows a north-south gradient which runs in parallel with
the orientation of the bipolar AGN/jet nebulosities. Overall, the
R65/32 ratio in the CND is ⇠0.8, with a significant range of val-
ues: R65/32 goes from ⇠0.7 at the southern end of the CND ring
to a maximum value ⇠2.0 at the AGN. At the higher spatial reso-
lution of Fig. 18c, the excitation of CO in the CND probed by the
R65/32 ratio unveils the footprint of AGN feedback: the R65/32
ratio is enhanced by the degree of illumination of the molecu-
lar gas by the photons of the ionized gas outflow traced by Pa↵
emission.

Other molecular line ratios show dramatic changes of
up to an order of magnitude inside the CND on the spa-
tial scales probed by ALMA (⇠35 pc). Figure 19 shows the
overlay of the HST Pa↵ emission map on a set of four
molecular line ratio maps (in Tmb units) obtained at the res-
olution of ALMA observations in Band 7: (a) HCN(4–3)/
CO(3–2) (RHCN/CO); (b) HCO+(4–3)/CO(3–2) (RHCO+/CO); and
(c) HCN(4–3)/HCO+(4–3) (RHCN/HCO+ ).
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Table 5
Scaling Relationships between Global Luminosities: Power-law Fits with Full Sample

Expectation-maximization Method Buckley–James Method

α β
√

Variance α β
√

Variance

Full sample of galaxies

L1.4 GHz: L0.1–100 GeV 1.10 ± 0.05 38.82 ± 0.06 0.17 1.10 ± 0.06 38.81 0.20
(1021 W Hz−1): (erg s−1)
L8–1000 µm: L0.1–100 GeV 1.17 ± 0.07 39.28 ± 0.08 0.24 1.18 ± 0.10 39.31 0.31
(1010 L#): (erg s−1)

Excluding galaxies hosting Swift-BAT-detected AGN

L1.4 GHz: L0.1–100 GeV 1.10 ± 0.07 38.81 ± 0.07 0.19 1.09 ± 0.11 38.80 0.24
(1021 W Hz−1): (erg s−1)
L8–1000 µm: L0.1–100 GeV 1.09 ± 0.10 39.19 ± 0.10 0.25 1.10 ± 0.14 39.22 0.33
(1010 L#): (erg s−1)

Notes. Fitted parameters for relationships between gamma-ray luminosity and multiwavelength tracers of star formation. Using the RC case as an example, the scaling
relations are of the form log L0.1–100 GeV = α log L1.4 GHz +β, with luminosities expressed in the units provided in the leftmost column. The square root of the variance
provides an estimate of the intrinsic dispersion of gamma-ray luminosity residuals in log space about the best-fit regression line. For the EM algorithm, the intrinsic
residuals about the best-fit line are assumed to be normally distributed in log space. The Buckley–James algorithm uses the Kaplan–Meier method to estimate the
distribution of residuals. See Section 4.3 for a description of the fitting methods. Both the complete sample of 69 galaxies (containing eight LAT sources) and a
subsample of 60 galaxies excluding the AGN detected by the Swift BAT are analyzed (containing six LAT sources).

influenced by AGN activity. The fitted parameters in both cases
are consistent within statistical uncertainties.

Note that the intrinsic dispersion values presented in Table 5
should be viewed as upper limits because we have not made an
attempt to account for measurement uncertainties in the gamma-
ray fluxes.

The best-fit power laws obtained using the EM algorithm are
plotted in Figures 3 and 4. The darker shaded regions represent
uncertainty in the fitted parameters from the regression and the
lighter shaded regions indicate the addition of intrinsic residuals
to one standard deviation. None of the limits from non-detected
galaxies are in strong conflict with the best-fit relations.

Luminosity ratios of the form shown in the lower panels of
Figures 3 and 4 have a direct physical meaning in terms of the
energy radiated in different parts of the electromagnetic spec-
trum. For a galaxy with non-thermal emission powered mainly
by CR interactions, and having an SFR of 1 M# yr−1 (simi-
lar to the MW), the corresponding luminosity ratios between
wavebands are

log
(

L0.1–100 GeV

L1.4 GHz

)
= 1.7 ± 0.1(statistical) ± 0.2(dispersion), (5)

and

log
(

L0.1–100 GeV

L8–1000 µm

)
= −4.3 ± 0.1(statistical) ± 0.2(dispersion), (6)

found using the full sample of galaxies with the EM regression
algorithm.

Further gamma-ray observations are required to conclusively
establish the multiwavelength correlations examined in this
section. Additional data may also show that scaling relations
beyond simple power-law forms are required once farther and
more active sources are either detected or are constrained by
more stringent gamma-ray upper limits.

5. DISCUSSION

In recent years, increasingly sensitive observations of external
galaxies at both GeV and TeV energies have shown that starburst
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Figure 6. Gamma-ray luminosity spectra of star-forming galaxies detected by
the LAT and imaging air-Cerenkov telescopes.
(A color version of this figure is available in the online journal.)

galaxies such as M82 and NGC 253 are characterized by harder
gamma-ray spectra relative to quiescent galaxies of the Local
Group (Acero et al. 2009; Acciari et al. 2009; Abdo et al. 2010d;
Ohm et al. 2011), and that global gamma-ray luminosities of
galaxies likely scale quasi-linearly with SFRs (e.g., Abdo et al.
2010b, 2010d; Lenain & Walter 2011).

Figure 6 compares the spectra of eight star-forming galaxies
detected by gamma-ray telescopes. The more luminous galaxies
also have comparatively harder gamma-ray spectra. Whereas the
power-law spectral indices of M82 and NGC 253 are 2.2–2.3
extending to TeV energies, the spectra of the LMC and SMC
steepen above ∼2 GeV (Abdo et al. 2010e, 2010h).

Scaling relations of the type examined in Section 4.3, and
the observed gamma-ray spectra of star-forming galaxies, have
implications both for the physics of CRs in the ISM and for
the contribution of star-forming galaxies to the isotropic diffuse
gamma-ray emission. In this section, we concentrate on the
global non-thermal radiation features of star-forming galaxies
from a population standpoint.
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Figure 3. Top panel: gamma-ray luminosity (0.1–100 GeV) vs. RC luminosity
at 1.4 GHz. Galaxies significantly detected by the LAT are indicated with filled
symbols whereas galaxies with gamma-ray flux upper limits (95% confidence
level) are marked with open symbols. Galaxies hosting Swift-BAT AGNs are
shown with square markers. RC luminosity uncertainties for the non-detected
galaxies are omitted for clarity, but are typically less than 5% at a fixed distance.
The upper abscissa indicates SFR estimated from the RC luminosity according to
Equation (2) (Yun et al. 2001). The best-fit power-law relation obtained using the
EM algorithm is shown by the red solid line along with the fit uncertainty (darker
shaded region), and intrinsic dispersion around the fitted relation (lighter shaded
region). The dashed red line represents the expected gamma-ray luminosity
in the calorimetric limit assuming an average CR luminosity per supernova
of ESN η = 1050 erg (see Section 5.1). Bottom panel: ratio of gamma-ray
luminosity (0.1–100 GeV) to RC luminosity at 1.4 GHz.
(A color version of this figure is available in the online journal.)

Although these three SFR estimators are intrinsically linked,
each explores a different stage of stellar evolution and is
subject to different astrophysical and observational systematic
uncertainties.

Figures 3 and 4 compare the gamma-ray luminosities of
galaxies in our sample to their differential luminosities at
1.4 GHz, and total IR luminosities (8–1000 µm), respectively.

) (Lmµ8-1000 L

810 910 1010 1110 1210

)
-1

 (
er

g 
s

0.
1-

10
0 

G
eV

L

3710

3810

3910

4010

4110

4210

4310

)-1 yrSFR (M
-210 -110 1 10 210 310

M33

M31

SMC

NGC 6946

Milky Way

M82

M83

Arp 220

NGC 4945

IC 342

NGC 253

NGC 1068

NGC 2146

LMC

LAT Non-detected (Upper Limit)

LAT Non-detected with AGN (Upper Limit)

LAT Detected
LAT Detected with AGN

Best-fit
Fit Uncertainty
Dispersion

Calorimetric Limit
 erg)50 = 10η 

SN
(E

) (Lmµ8-1000 L

810 910 1010 1110 1210

)
-1

 (
er

g 
s

0.
1-

10
0 

G
eV

L

3710

3810

3910

4010

4110

4210

4310

) (Lmµ8-1000 L

810 910 1010 1110 1210

mµ
8-

10
00

 
 / 

L
0.

1-
10

0 
G

eV
L

-510

-410

-310

-210

-110

)-1 yrSFR (M
-210 -110 1 10 210 310

M33

M31
SMC

NGC 6946

Milky Way

M82

M83

Arp 220

NGC 4945

IC 342

NGC 253 NGC 1068

NGC 2146

LMC

LAT Non-detected (Upper Limit)

LAT Non-detected with AGN (Upper Limit)

LAT Detected
LAT Detected with AGN

Best-fit
Fit Uncertainty
Dispersion

Calorimetric Limit
 erg)50 = 10η 

SN
(E

) (Lmµ8-1000 L

810 910 1010 1110 1210

mµ
8-

10
00

 
 / 

L
0.

1-
10

0 
G

eV
L

-510

-410

-310

-210

-110

Figure 4. Same as Figure 3, but showing gamma-ray luminosity (0.1–100 GeV)
vs. total IR luminosity (8–1000 µm). IR luminosity uncertainties for the non-
detected galaxies are omitted for clarity, but are typically ∼0.06 dex. The
upper abscissa indicates SFR estimated from the IR luminosity according to
Equation (1) (Kennicutt 1998b).
(A color version of this figure is available in the online journal.)

A second abscissa axis has been drawn on each figure to
indicate the estimated SFR corresponding to either RC or total
IR luminosity using Equations (2) and (1). The upper panels
of Figures 3 and 4 directly compare luminosities between
wavebands, whereas the lower panels compare luminosity ratios.
Taken at face value, the two figures show a clear positive
correlation between gamma-ray luminosity and SFR, as has
been reported previously in LAT data (see in this context Abdo
et al. 2010b). However, sample selection effects, and galaxies
not yet detected in gamma rays must be taken into account to
properly determine the significance of the apparent correlations.

We test the significances of multiwavelength correlations
using the modified Kendall τ rank correlation test proposed by
Akritas & Siebert (1996). This method is an example of “survival
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Figure 3. Top panel: gamma-ray luminosity (0.1–100 GeV) vs. RC luminosity
at 1.4 GHz. Galaxies significantly detected by the LAT are indicated with filled
symbols whereas galaxies with gamma-ray flux upper limits (95% confidence
level) are marked with open symbols. Galaxies hosting Swift-BAT AGNs are
shown with square markers. RC luminosity uncertainties for the non-detected
galaxies are omitted for clarity, but are typically less than 5% at a fixed distance.
The upper abscissa indicates SFR estimated from the RC luminosity according to
Equation (2) (Yun et al. 2001). The best-fit power-law relation obtained using the
EM algorithm is shown by the red solid line along with the fit uncertainty (darker
shaded region), and intrinsic dispersion around the fitted relation (lighter shaded
region). The dashed red line represents the expected gamma-ray luminosity
in the calorimetric limit assuming an average CR luminosity per supernova
of ESN η = 1050 erg (see Section 5.1). Bottom panel: ratio of gamma-ray
luminosity (0.1–100 GeV) to RC luminosity at 1.4 GHz.
(A color version of this figure is available in the online journal.)

Although these three SFR estimators are intrinsically linked,
each explores a different stage of stellar evolution and is
subject to different astrophysical and observational systematic
uncertainties.

Figures 3 and 4 compare the gamma-ray luminosities of
galaxies in our sample to their differential luminosities at
1.4 GHz, and total IR luminosities (8–1000 µm), respectively.
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A second abscissa axis has been drawn on each figure to
indicate the estimated SFR corresponding to either RC or total
IR luminosity using Equations (2) and (1). The upper panels
of Figures 3 and 4 directly compare luminosities between
wavebands, whereas the lower panels compare luminosity ratios.
Taken at face value, the two figures show a clear positive
correlation between gamma-ray luminosity and SFR, as has
been reported previously in LAT data (see in this context Abdo
et al. 2010b). However, sample selection effects, and galaxies
not yet detected in gamma rays must be taken into account to
properly determine the significance of the apparent correlations.

We test the significances of multiwavelength correlations
using the modified Kendall τ rank correlation test proposed by
Akritas & Siebert (1996). This method is an example of “survival
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Figure 4. Radio spectra for NGC 253. The best-fit radio model is shown on the left. The changes in the total radio spectrum as the fraction of absorbed synchrotron
emission increases by varying the absorption fraction are shown on the right. While we able to obtain a relatively good fit to the radio with the lower mass (right), we
were not able to achieve as good of a fit for the higher mass (left) due to higher bremsstrahlung losses at low energies. Model parameters are set at (left) p = 2.2,
η = 0.04, Urad = 2000 eV cm−3, nion = 350 cm−3, vadv = 0 km s−1, Mmol = 3 × 108 M# and (right) p = 2.2, η = 0.04, Urad = 500 eV cm−1, nion = 350 cm−3,
vadv = 200 km s−1, and Mmol = 108 M# with B = 350 µG. The solid line denotes total radio flux, the dashed line represents the unabsorbed synchrotron radio
emission in the hot, diffuse gas, the dotted line represents the free–free absorbed synchrotron radio emission in the hot, diffuse gas, and the dot-dashed line represents
radio emission in the warm, ionized gas. Radio data include Carilli (1996; triangles), Williams & Bower (2010; circles), Ricci et al. (2006; squares), and Peng et al.
(1996; star). Gray lines represent radio spectra with absorption fractions between 0.1 and 1.0 and the black line represents a radio spectrum with an absorption fraction
of 0.2.
(A color version of this figure is available in the online journal.)
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Figure 5. γ -ray (left) and radio (right) spectra for NGC 1068. While our models always underestimate the observed γ -ray flux, we also overestimate the radio flux.
Model parameters are set at p = 2.0, η = 0.1, Mmol = 5 × 107 M#, Urad = 104 eV cm−3, nion = 400 cm−3, vadv = 0 km s−1, and B = 200 µG. γ -ray data are
represented as triangles for Fermi data and squares for HESS data (Ackermann et al. 2012). Data with downward arrows represent upper limits for both Fermi and
HESS data. Radio data are represented by blue triangles (S2; Gallimore et al. 2004), red square (CMZ upper limit; Gallimore et al. 1996b), and black circles (S1;
Hönig et al. 2008).
(A color version of this figure is available in the online journal.)

while we are producing the same amount of secondary electrons
and positrons at both masses, there are fewer electrons/positrons
available to produce inverse Compton and synchrotron emission
due to an increase in bremsstrahlung.

4.2. NGC 1068 Results

The CMZ dust temperature is the key to modeling the
γ -ray observations for NGC 1068 as it determines the radiation
field that inverse Compton emission depends on. Observations
by Storchi-Bergmann et al. (2012) show a blackbody spectrum
with temperatures in the range of 700 K ! T ! 800 K for the
inner CND. When assuming a radiation field from dust with T =
700 K, the photon number is significantly decreased such that
our models produce negligible inverse Compton γ -ray emission.
However, this dust temperature is attributed to the dusty torus of
the AGN and likely does not dominate the larger, surrounding
CMZ. As such, we assume that the dust temperature in the
CMZ is on par with the temperatures of the molecular gas in the
region, ∼100 K, and we use this to determine the radiation field
spectrum.

As with NGC 253, we intended to test a variety of different
sets of parameters with which to model NGC 1068. However, we
found NGC 1068 significantly harder to model than NGC 253.
The upper bound on the supernova rate produces a γ -ray
spectrum that is lower by a factor of only a few (see Figure 5).
However, a lower bound on the supernova rate results in a
γ -ray spectrum that is nearly two orders of magnitude lower
than the observed data. Because we were underestimating the
γ -ray emission, we selected parameters to maximize the inverse
Compton emission (a magnetic field strength of B = 200 µG
and a radiation field energy density of Urad = 104 eV cm−3)
and pion decay emission and bremsstrahlung (a wind speed of
vadv = 0 km s−1). Even selecting parameters to augment the
γ -ray emission, without invoking an extra source of CRs, we
were not able to produce a model that agrees with the Fermi
observations to better than a factor of a few.

Further complicating matters is the radio spectrum for
NGC 1068. While the galaxy has been extensively observed
in the radio spectrum, the presence of a radio jet greatly over-
shadows any emission not originating from the AGN or its jets.
Ultimately, we chose to compare our radio models with a few
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Figure 4. Radio spectra for NGC 253. The best-fit radio model is shown on the left. The changes in the total radio spectrum as the fraction of absorbed synchrotron
emission increases by varying the absorption fraction are shown on the right. While we able to obtain a relatively good fit to the radio with the lower mass (right), we
were not able to achieve as good of a fit for the higher mass (left) due to higher bremsstrahlung losses at low energies. Model parameters are set at (left) p = 2.2,
η = 0.04, Urad = 2000 eV cm−3, nion = 350 cm−3, vadv = 0 km s−1, Mmol = 3 × 108 M# and (right) p = 2.2, η = 0.04, Urad = 500 eV cm−1, nion = 350 cm−3,
vadv = 200 km s−1, and Mmol = 108 M# with B = 350 µG. The solid line denotes total radio flux, the dashed line represents the unabsorbed synchrotron radio
emission in the hot, diffuse gas, the dotted line represents the free–free absorbed synchrotron radio emission in the hot, diffuse gas, and the dot-dashed line represents
radio emission in the warm, ionized gas. Radio data include Carilli (1996; triangles), Williams & Bower (2010; circles), Ricci et al. (2006; squares), and Peng et al.
(1996; star). Gray lines represent radio spectra with absorption fractions between 0.1 and 1.0 and the black line represents a radio spectrum with an absorption fraction
of 0.2.
(A color version of this figure is available in the online journal.)
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HESS data. Radio data are represented by blue triangles (S2; Gallimore et al. 2004), red square (CMZ upper limit; Gallimore et al. 1996b), and black circles (S1;
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while we are producing the same amount of secondary electrons
and positrons at both masses, there are fewer electrons/positrons
available to produce inverse Compton and synchrotron emission
due to an increase in bremsstrahlung.

4.2. NGC 1068 Results

The CMZ dust temperature is the key to modeling the
γ -ray observations for NGC 1068 as it determines the radiation
field that inverse Compton emission depends on. Observations
by Storchi-Bergmann et al. (2012) show a blackbody spectrum
with temperatures in the range of 700 K ! T ! 800 K for the
inner CND. When assuming a radiation field from dust with T =
700 K, the photon number is significantly decreased such that
our models produce negligible inverse Compton γ -ray emission.
However, this dust temperature is attributed to the dusty torus of
the AGN and likely does not dominate the larger, surrounding
CMZ. As such, we assume that the dust temperature in the
CMZ is on par with the temperatures of the molecular gas in the
region, ∼100 K, and we use this to determine the radiation field
spectrum.

As with NGC 253, we intended to test a variety of different
sets of parameters with which to model NGC 1068. However, we
found NGC 1068 significantly harder to model than NGC 253.
The upper bound on the supernova rate produces a γ -ray
spectrum that is lower by a factor of only a few (see Figure 5).
However, a lower bound on the supernova rate results in a
γ -ray spectrum that is nearly two orders of magnitude lower
than the observed data. Because we were underestimating the
γ -ray emission, we selected parameters to maximize the inverse
Compton emission (a magnetic field strength of B = 200 µG
and a radiation field energy density of Urad = 104 eV cm−3)
and pion decay emission and bremsstrahlung (a wind speed of
vadv = 0 km s−1). Even selecting parameters to augment the
γ -ray emission, without invoking an extra source of CRs, we
were not able to produce a model that agrees with the Fermi
observations to better than a factor of a few.

Further complicating matters is the radio spectrum for
NGC 1068. While the galaxy has been extensively observed
in the radio spectrum, the presence of a radio jet greatly over-
shadows any emission not originating from the AGN or its jets.
Ultimately, we chose to compare our radio models with a few
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Fig. 4.—: The radio (left) and gamma-ray (right) data as well as the best-fit model of NGC 253,

M 82, NGC 4945 and NGC 1068. Open squares represent the data set that is used for the �2 test.
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NGC 253 M 82 NGC 4945 NGC 1068

qe0 [10�18 cm�3 s�1] 1.5 1.0 9.3 208

qp0 [10�20 cm�3 s�1] 2.0 1.4 7.0 130

↵ 2.15 2.15 2.3 2.35

A 10�5 10�4 10�4 10�4

B [µG] 109 611 178 178

Nt [cm�3] 291 477 178 291

vadv [107 cm/s] 5 10 10 5

le [1017 cm] 5 1 1 5

qe1/qe2(� =
p
⌫GHz/⌫s) 2.4� 2.5 0.8� 0.5 1.2� 0.9 1.9� 1.6

⌫SN [yr�1] 4 3 28 649

Table 2:: Best-fit model parameters

In the case of NGC 253 and M 82 the best-fit model describes the large data set of the radio and

gamma-ray band very well. Also the best-fit model of NGC 1068 agrees very well with the data,

however, the data set is much smaller. In the case of NGC 4945 the best-fit model describes the

data the least good, which can be a result of the discrepancies of the radio data set.

Since most synchrotron radiation is emitted around the characteristic frequency ⌫s �
2, we evaluate

whether the radio flux at ⌫GHz = (1�10)GHz is mostly produced by primary or secondary electrons.

Hence, the ratio qe1/qe2 at � =
p
⌫GHz/⌫s for the best-fit model parameters is determined as

displayed in table 2. For NGC 253 and NGC 1068 there is a slight dominance of primary electrons

generating the observed synchrotron flux at a few GHz, whereas it is the opposite case for M 82.

The radio flux of NGC 4945 is caused by primary and secondary electrons with almost the same

fraction.

An important consequence on the particle acceleration process is given by the initial steepening

of the electron distribution at �B ' A�1. Here, the best-fit model indicates that the supposed

influence of IC (or synchrotron) losses on a shock accelerated electron spectrum according to eq.

(17) is in good agreement with the observations. Hence, we also approved that the common shock

acceleration approach for a strong shock is at work when the di↵usion coe�cient in the accelerator

and in the starburst region hardly deviate.

5.1.1. Consequences on the supernova rate

When supernovae (SNe) represent the dominant source of relativistic protons, the initial proton

source rate can be used to deduce the SN rate ⌫SN according to (e.g. Abdo et al. (2010))

4

3
⇡R3

Z �
max

�
min

d� � qp(�) = ⌫SN
ESN

mp c2
⌘ . (53)
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Figure 2. The same as figure 1 but in Galactic coordinates.

in UHECR data from the PAO, TA and AGASA. Above 80EeV (60EeV) there are 22 (136)
UHECR events from PAO, 20 (60) from TA and 11 (22) from AGASA. We note that energy
calibration across the experiments can vary by as much as ⇠ 30% (see, e.g., ref. [14]). We
discuss this issue in section 4.2.

3 Statistical method and data analyses

To study correlation between cosmic neutrinos and UHECRs, we map the Right Ascension
and Declination (RA,Dec) of the event directions into unit vectors on a sphere as

x̂ = (sin ✓ cos�, sin ✓ sin�, cos ✓)T ,

– 4 –

UHECR, neutrinos?	
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Fig. 6.—: The di↵erential neutrino flux of NGC 253, M 82, NGC 4945 and NGC 1068 that results

from the best-fit model parameters. The blue dashed lines represent IceCube limits for the specific

source from Aartsen et al. (2014).

with decreasing �B and can become much bigger than the commonly used ratio of (mp/me)
(↵�1)/2.

Using the primary electrons from the accelerator as well as the secondary electrons from hadronic

pion production, we determine the resulting synchrotron radiation as well as the gamma radiation

by Bremsstrahlung and IC collisions of the relativistic electrons. However, the main constituent

of the gamma ray flux of starburst galaxies is given by the gamma radiation from hadronic pion

production of the relativistic protons as shown in Section 5. In addition, we account for secondary

electrons and neutrinos that are generated by the decay of charged pions.

Finally, we tested 135000 (= 15⇥ 15⇥ 10⇥ 5⇥ 4⇥ 3) di↵erent combinations within a reasonable

parameter range of (B, Nt, ↵, A, le, vadv) in order to obtain the best-fit model parameters of four

di↵erent starburst galaxies which are summarized in table 2. As shown in fig. 4, the radio and

gamma-ray flux of our best-fit model is in very good agreement with the observations of M 82,

NGC 253 and NGC 1068, whereas in the case of NGC 4945 our best-fit model slightly deviates

from the observed flux at (0.1� 0.3) GeV and ⇠ 20 GHz.

Eichman & Becker Tjus	
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2T structure?�

Compton upscattered X-rays	

from shocked thermal plasma	

potentially observable �

internal shocks	
observed variability of X-ray lines	

-> internal inhomogeneities	

-> internal shocks possible, Rsh,in~few Rg-Rsh,ex	

Probing gaseous galaxy haloes 841

Figure 3. Dependence of outflow hydrodynamics and emission on baryon fraction in the disc fd. We fix Mhalo = 1012 M! and z = 1.0. Panels (a) and (b)
show the shell velocity and radio synchrotron flux at 1 GHz as a function of radius. The dotted and dashed vertical lines mark the position of Rdisc and Rvir,
respectively. The upper x-axis of panel (b) marks the angular diameter of the outflow shock. Panel (c) shows the radio synchrotron flux as a function of time.
The dashed vertical line corresponds to the point when the AGN shuts off. Time is scaled to the Hubble time tH on the upper x-axis. Panel (d) demonstrates the
momentum flux boost of the shell. The solid lines represent the numerical result, while the dashed lines correspond to predictions in the energy-driven regime.
Panels (e) and (f) illustrate snapshots of non-thermal emission power and flux at Rdisc and Rvir, respectively. The solid, dashed and dotted lines correspond to
synchrotron emission, IC scattering of accretion disc photons and CMB photons, respectively.
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R=5.88 kpc�

R=147 kpc�

z~1	

radio, X-ray	

observable	

by SKA, Athena	

->	

probe of SMBH	

feedback in action � ->	


UHECRs as	

consequence of	

SMBH feedback?�identifiable with	


radio emission	

of radio-quiet	

quasars?	
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summary	

- widespread existence of fast, powerful, baryonic(ionic)	

  winds in AGN, independent of relativistic jets	

- likely to provide important feedback onto host galaxy gas	

  directly observed in some nearby objects like NGC 1068	

- GeV (+radio) observed from NGC 1068:	

  starburst interpretation difficult	

- interpretation plausible in terms of particle acceleration via	

  AGN wind (or jet) feedback (interaction with host gas)	

  either leptonic or hadronic feasible	

  -> discriminate with CTA	

- new type of particle accelerator:	

  search for other similar objects warranted	

- new perspective on observing the effects of AGN feedback	


AGN feedback and particle acceleration	

- UHECRs: IF B~Beq	

   - acceleration, number, energetics OK	

   - Fe (or p) composition	

   - direct consequence of SMBH feedback	



