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importance of AGN winds

1. Observed to exist, widespread (radio-quiet + radio-loud)

2. Plausibly expected from accretion disks via various
    mechanisms (unlike jets): thermal, radiative, magnetic…

3. May be important for collimating jets in radio-loud objects
4. May provide mechanical/thermal feedback onto host gas
    -> observed BH scaling relations, star formation quenching

5. May be particle accelerators + nonthermal emitters
    weakly beamed, quasi-isotropic
    - kpc-scale external shocks (wind + host galaxy gas)
    - subpc-scale “internal” shocks

thermal, baryonic plasma; weakly collimated	<-> rel. jets	

<-> rel. jets	

 <pc - ultrafast (UFOs): X-ray, v>~0.1c, Lkin~<LEdd, Ṁ~<MEdd
 <kpc - NLR or BAL: UV/opt./IR, v>~1000km/s
 >kpc - molecular: CO, OH, etc.
             v~<1000 km/s, Ṁ~<100 MΘ/yr, Lkin~<Lbol



AGN winds: subkpc - fast, highly ionized winds
The Astrophysical Journal, 739:69 (40pp), 2011 October 1 Müller-Sánchez et al.

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

7

UV/optical/NIR emission/absorption lines -> few 1000 km/s

θopen~50-60 deg	

Müller-Sánchez+ 11	

NGC 1068 	

[SiV] emission	



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: observations

Giustini+ 11�

- blue-shifted X-ray
  absorption lines
- v~0.05-0.3c
- Lkin~0.01-0.1 Ledd
- >~40 % of all AGNs <-> jets

both radio-quiet/radio-loud 
- fast outflow: v~0.05-0.3c
- highly ionized: Fe XXV/XXVI etc
- 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)
- Ṁ~0.01-1 Msun/yr
  Lkin~0.01-0.1 LEdd
- broad opening angle ~<100 deg
- independent of relativistic jet

Tombesi+ 13�

Nardini+ 15�

PDS 456	

subpc:
ultra-fast outflows (UFOs)	

A&A 583, A99 (2015)

Fig. 12. CO(2�1) emission line profiles extracted from square regions
at di↵erent distances from the nucleus, as indicated by the colour-coded
labels, and their multi-Gaussian best fit.

DS1) with the integrated profiles from two adjacent square an-
nuli at increasing distances from the nucleus (using DS3). The
rms is ⇠1.3⇥10�3 Jy for all the spectra. For the receding gas, we
detect high speed (800 km s�1) gas out to >⇠1 kpc, and a deficit
of gas with intermediate velocity (300�500 km s�1) at >⇠0.5 kpc.
For the approaching gas, this deficit is only seen at �0.9 kpc.
The outflow mass rate ṀOF, the vmax, the kinetic energy rate
Ėkin,OF = 0.5 ⇥ ṀOF ⇥ v2max, and the ratio of outflow mass and
molecular disk mass MOF/Mdisk are shown in Fig. 13 as a func-
tion of the distance from the nucleus (error-bars represent the
statistical errors only). Specifically, the histograms represent in-
tegral quantities out to a given radius, while the points represent
the local mass outflow rate in two annuli, computed by measur-
ing the mass density and the outflow mass within the annuli. The
integral mass outflow rate ṀOF is ⇡1000 M� yr�1 within 400 pc
from the nucleus, and 500�700 M� yr�1 out to ⇠1 kpc. It is worth
noting that the local mass outflow rate is about 500 M� yr�1

within ⇠800 pc, while it drops to a few tens M� yr�1 at >⇠1 kpc.
The vmax and the integral Ėkin,OF of the outflow remains nearly
constant out to ⇠1 kpc, with Ėkin,OF = 7�10 ⇥ 1043 erg ⇠ 1�2%
of the AGN bolometric luminosity (Fig. 13, middle panel, see
Sect. 5 for a detailed discussion). Finally, Fig. 13, right panel,
shows that the outflow carries ⇠0.2�0.25 of the total disk mass
out to ⇠1 kpc, while the outflow mass drops to less than 10% of
the disk mass at >⇠1 kpc.

4. X-ray observations

4.1. X-ray data reduction

During the last three years Mrk 231 has been target of new,
sensitive X-ray observations. Specifically, Chandra observed
the galaxy for 400 ks in August 2012 (Veilleux et al. 2014),
while NuSTAR has observed it twice, in August 2012 and
May 2013 for a total of about 70 ks (Teng et al. 2014, T14 here-
after). These data have dramatically changed our understand-
ing of the X-ray emission from Mrk 231. Previous broadband,

non-focusing X-ray observations performed with BeppoSAX
and Suzaku detected a ⇠3� excess in the band above 10 keV
which has been interpreted as evidence of nuclear continuum
emerging after transmission through a Compton thick absorber
(Braito et al. 2004), most likely with a variable covering factor
(Piconcelli et al. 2013). This scenario has not been confirmed
by the unprecedented angular resolution ultra-hard (>10 keV)
X-ray NuSTAR observations presented by T14. They did not
report any hard X-ray excess and revealed that Mrk 231 is
therefore intrinsically X-ray weak, with a 2–10 keV luminos-
ity of 4 ⇥ 1042 erg s�1. The best-fit model of the contemporane-
ous Chandra and NuSTAR spectrum consists of flat (� ⇡ 1.4)
power-law continuum emission modified by a patchy, Compton-
thin absorber, plus a soft X-ray, starburst related, thermal emis-
sion. Furthermore, the deep Chandra observation has revealed
the existence of a huge (⇠65 ⇥ 50 kpc) soft X-ray halo around
the central AGN which can be accounted for by two thermal
emission components with kT ⇠ 0.25 and 0.8 keV, respectively
(Veilleux et al. 2014). Thanks to their high quality and sensitiv-
ity, these data sets also allow a detailed search for highly ionized
fast or ultra-fast outflows seen in absorption against the nuclear
X-ray emission.

Chandra data were taken from the CXC archive.
Specifically, we combined the 2012 long (400 ks, Observation
ID 13947, 13948, 13949) observation with those performed
in 2000 and 2003 (153 ks in total, Observation ID 1031, 4028,
4029, 4030, Gallagher et al. 2005). The combined data set has
a total exposure time on source of 553 ks. Data were reduced
using CIAO 4.5. We extracted a spectrum from a circular region
of 3 pixel radius (1.5 arcsec) centered on the nucleus using
the tool dmextract. A background spectrum was extracted
from an annulus with inner and outer radii 1 and 2 arcmin,
respectively. In extracting the background, the regions of the
front-illuminated detector have been masked. We verified that
varying the background extraction regions, however, has little
impact, because the background counts are a small fraction of
the source counts in the spectral region of interest (a factor of
⇠1/500). Response matrices were computed using the tools
mkwarf and mkrmf. The spectral analysis was performed in
the 0.5�10 keV energy range. Given the large number of counts
and the requirement to use the �2 statistics in our modeling, we
binned the spectrum with a minimum of 40 counts/channel.

The NuSTAR data were reduced with the pipeline
NuSTARDAS version 0.11.1 and CALDB version 20130509
with the standard settings (see T14 for details). The background
counts are a factor of ⇠1/10 those of the source. Spectra were ex-
tracted for each observation and for the two NuSTAR telescopes
FPMA and FPMB, using a circular region of 1 arcmin radius.
Spectra were binned with a minimum of 40 counts/channel as
for the Chandra data set. Spectral bins between 3 and 79 keV
were used in the fits. xspec 12.8.0 was used for the analysis.

4.2. Discovery of a nuclear ultra-fast wind

We exploited these data sets to constrain any nuclear wind.
Based on T14 results, we first fitted the Chandra spectrum and
the four NuSTAR spectra with a model including Galactic ab-
sorption along the line of sight, two thermal components, a
power law component and a narrow emission line component,
both reduced at low energies by photoelectric absorption (we
used the xspec model zxipcf, i.e. a model including a par-
tial covering and ionized absorber). The total �2 of this fit is
498.9 for 468 deg of freedom (d.o.f.). Figure 14 shows the
ratio between data and model. For plotting purposes the four
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Mrk 231  

Feruglio+ 14	

CO(2-1)	

>~kpc:
massive molecular outflows	

CO, OH etc. emission
-> v~100-1000 km/s,
Ṁ~few 10-100 MΘ/yr, Lkin~<Lbol



NGC 1068: Seyfert II with fast wind + molecular outflow
D~14 Mpc	

AGN wind + host galaxy interaction -> particle accelerator?	



The Astrophysical Journal, 755:164 (23pp), 2012 August 20 Ackermann et al.

)-1 (W Hz1.4 GHzL

1910 2010 2110 2210 2310 2410

)
-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 1068NGC 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

) (W Hz1.4 GHzL

1910 2010 2110 2210 2310 2410

)
 (

er
g 

s
0.

1-
10

0 
G

eV
L

3710

3810

3910

4010

4110

4210

4310

)-1 (W Hz1.4 GHzL

1910 2010 2110 2210 2310 2410

1.
4 

G
H

z
 / 

L
0.

1-
10

0 
G

eV
L

10

210

310

410

510

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

M33

M31SMC
NGC 6946

Milky Way

M82

M83

Arp 220

NGC 4945IC 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

) (W Hz1.4 GHzL

1910 2010 2110 2210 2310 2410

1.
4 

G
H

z
 / 

L
0.

1-
10

0 
G

eV
L

10

210

310

410

510

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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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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GeV gamma rays from NGC 1068: starburst?

Ackermann+ 12	

NGC 1068: luminous starburst?	

Fermi-LAT sample of “starburst”+normal galaxies	
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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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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 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.)

10−1 100 101 102 103 104

Energy [GeV]

10−12

10−11

10−10

10−9

10−8
E

2
dN

/d
E

[G
eV

cm
−

2
s−

1
] Total Flux

Pion Decay

Bremsstrahlung

Inverse Compton

10−1 100 101 102

Frequency [GHz]

10−5

10−4

10−3

10−2

10−1

100

101

102

F
lu

x
[J

y]

Total Flux

Synchrotron

Absorbed Synch

Free-Free

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 7. Radio (left) and gamma-ray (right) data as well as the best-fit model of NGC 253, M82, NGC 4945, and NGC 1068. Open squares represent the data set that
is used for the χ2 test.
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A. Lamastra et al.: AGN-driven outflow and the gamma-ray emission in NGC 1068

Fig. 2. �-ray and radio spectra for NGC 1068. AGN-driven outflow parameters are set at Rout = 100 pc, vout = 200 km s�1, and Lkin = 1.5 ⇥
1042 erg s�1; black lines: LAGN = 4.2 ⇥ 1044 erg s�1, nH = 104 cm�3, Fcal = 1, p = 2, ⌘p = 0.2, ⌘e = 0.02, BISM = 30 µG (solid) and BISM = 2 mG
(dashed); magenta line: LAGN = 2.1 ⇥ 1045 erg s�1, nH = 120 cm�3, Fcal = 0.5, p = 2, ⌘p = 0.5, ⌘e = 0.4, BISM = 250 µG; blue line:
LAGN = 4.2 ⇥ 1044 erg s�1, nH = 104 cm�3, Fcal = 1, p = 2, ⌘p = 0.3, ⌘e = 0.1, BISM = 600 µG. �-ray spectrum: violet dotted line: expected
CTA-south di↵erential sensitivity, from simulated data (5� per energy bin – five per decade – in 50 h, zenith angle = 20 deg 5), grey dotted
line: measured MAGIC di↵erential sensitivity (5� in 50 h at low zenith angles <30 deg, Aleksić et al. 2016), orange dotted line: measured
H.E.S.S. II di↵erential sensitivity (5� in 50 h, zenith angle =18 deg, Holler et al. 2015). Data points: Fermi-LAT spectrum from our analysis (red
filled circles), and from the 3FGL catalogue (Acero et al. 2015, black open circles). Radio spectrum: primary electrons emission (dashed line),
secondary electrons/positrons emission (dotted line), total emission (solid line). Data points: total radio emission from '200 pc region (circles,
Sajina et al. 2011), extra-nuclear radio emission from '1.1 kpc region (triangle, Gallimore et al. 2006).

necessarily propagate through gas with the average ISM density.
This may be because the ISM is clumpy and the accelerated par-
ticles favour high-density clumps or they propagate along paths
of least resistance. Thus, we also consider a simple calorimetric
hadronic model in which CR protons loose almost all of their en-
ergy to hadronic collision before escaping (Fcal = 1). This condi-
tion could be satisfied if ⌧pp ⌧ ⌧out and hence if nH & 104 cm�3.
Finally, for the magnetic field we assume values bracketed by
a minimum value that is given by the volume average magnetic
field strength of the CND (see Sect. 2) and a maximum value
that is inferred from the radio observations.

The results are shown in Fig. 2. We find that, in the stan-
dard SNR acceleration theory, even selecting parameters to max-
imize the �-ray emission, the predicted spectrum is lower than
the observed data by a factor of approximately two at energies
E & 1 GeV, and by a factor of approximately ten at E ' 0.1 GeV.

In order to match the observed �-ray spectrum acceleration
e�ciencies ⌘p � 0.3 and ⌘e � 0.1 are required. A strong cou-
pling between the molecular medium in the CND and CR pro-
tons produced in the outflow shocks (Fcal � 0.5) is also neces-
sary (see Fig. 2). In the following we study the e↵ect of changing
each of the free quantities within the above ranges.

4.1. Energy-driven and momentum-driven outflow

The degree to which the observed outflow is energy-driven
or momentum-driven influences the normalization of the
CR particle spectrum (Eq. (16)). The di↵erence in normaliza-
tion in the two outflow regimes is maximized when the residence
time of CR particles is equal to the outflow timescale. Since the
residence time of CR electrons in the CND is much smaller than
the outflow timescale (see Fig. 1), the leptonic components of the

�-ray spectrum and the radio spectrum are not strongly influ-
enced by the nature of the outflow.

The residence time of CR protons is nearly equal to the out-
flow timescale for ISM density nH =120 cm�3 and decreases
with increasing ISM density. Thus, only for low nH values do we
find a significant di↵erence in the two outflow regimes.

4.2. CR parameters: p, ⌘p, ⌘e

The slope of the hadronic component of the �-ray spectrum re-
flects the slope of the underlying CR proton population p. A
steeper primary CR proton spectrum correspond to a steeper
�-ray spectrum at energies &1 GeV.

The e�ciencies ⌘p and ⌘e are the normalizations of the in-
jected primary CR protons and electrons respectively (Eq. (16)).
Larger ⌘p and ⌘e linearly increase the hadronic and leptonic com-
ponents without changing the spectral shape, while lower values
decrease these components.

4.3. ISM density

The ISM e↵ective density experienced by CR particles deter-
mines the e�ciency of hadronic losses Fcal. An increase in Fcal
augments the �-ray emission and the number of secondaries
(electrons, positrons, and neutrinos) from pion decays. The ISM
density also regulates the importance of bremsstrahlung and ion-
ization losses for CR electrons.

Low density models can be distinguished observation-
ally from the high density models by �-ray emission below
⇠100 MeV: models with low nH are dominated by IC emission,
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Fig. 1. Schematic representation of the interaction of CR protons accelerated in the AGN blast wave with ISM protons. The shock radius Rs(t)
expands outwards compressing the swept gas into a thin shell, and leaving a cavity inside. The �-ray emission from neutral pion decays occurs in
the regions outside the yellow cones where the lines of sight intercept the galactic gas that has not been swept out by the blast wave.

by galaxy interactions. In particular, we assume the analytical
description of the gas inflows induced by galaxy interactions
derived by Cavaliere & Vittorini (2000; see also Menci et al.
2006, 2008; Lamastra et al. 2013b), and that in each galaxy in-
teraction one quarter of the destabilised gas feeds the SMBH,
while the remaining fraction feeds the circumnuclear starburst
(Sanders & Mirabel 1996). These gas fractions are calibrated as
to yield final SMBH masses matching the observed local corre-
lations with the properties of the host galaxies. We converted the
mass accretion rate ṀBH into AGN bolometric luminosity as:

LAGN = ⌘ṀBHc

2, (7)

where ⌘ ' 0.1 is the e�ciency for the conversion of gravitational
energy into radiation (Yu & Tremaine 2002; Marconi et al.
2004). Our SAM also includes a model of AGN feedback de-
scribed in detail in Sect. 3.2.

The SAM has been tested against the statistical properties of
the galaxy and AGN populations at low and high redshift and
in di↵erent electromagnetic bands. In particular, the model pro-
vides galaxy luminosity functions (LF) in the K-band (a proxy
for the stellar mass content) and in the UV band (a proxy for
the instantaneous SFR) that are in good agreement with the ob-
served evolution of the galaxy LF in the K-band up to z ⇠ 3 and
with the galaxy LF in the UV band up to z ⇠ 6 (see Menci et al.
2014). The model is also able to reproduce the well known bi-
modal distribution of galaxies in the colour-magnitude diagram
(see Menci et al. 2014).

The model predicts AGN LFs in the UV band that are in
good agreement with the observational estimates at intermediate
and high luminosities up to z ⇠ 6. At all redshifts, the model
tends to slightly overestimate the data at faint luminosities (see
Menci et al. 2014). The observational scaling relations between
the galaxy and AGN physical properties (such as stellar mass,
SFR, SMBH mass, and ṀBH) are also well described by the
model (Menci et al. 2005, 2006; Lamastra et al. 2010, 2013a,b;
Menci et al. 2014; Gatti et al. 2015).

3.2. The blast wave model for AGN feedback

Our SAM includes a physical model for AGN feedback which
is related to the impulsive luminous AGN phase. As discussed
in Sect. 2, mildly relativistic winds (v ⇠ 0.1–0.3 c ) are in-
jected by AGN into the surrounding ISM (Chartas et al. 2002;
Pounds et al. 2003; Reeves et al. 2003; Tombesi et al. 2010,
2015). As these winds propagate into the ISM, they compress
the gas into a blast wave terminated by a leading shock front,
which moves outward with a lower but still supersonic velocity

and sweeps out the surrounding medium. The expansion of the
blast wave into the ISM is described by hydrodynamical equa-
tions. Taking into account the e↵ect of dark-matter gravity, up-
stream pressure, and initial density gradient, and assuming the
Rankine-Hugoniot boundary condition at the shock, Lapi et al.
(2005) derived an analytic expression for the radius Rs of the
blast wave in the case of shock expansion in a gas with a power-
law density profile ⇢ / r

�!, where the exponent ! is in the range
2  ! < 2.5 (see also Chevalier 1976, 1982; Weaver et al. 1977;
Ostriker & McKee 1988; Franco et al. 1991).

In Menci et al. (2008) the expression for the shock radius is
given in terms of the galactic disk radius, disk velocity, and Mach
numberM = vs/cs(Rs(t)):

Rs(t) = vd td

"
5 ⇡!2

24⇡(! � 1)

#1/!
· M2/!

"
t

td

#2/!
· (8)

The Mach numberM is related to ratio between the energy �E

injected by the AGN into the surrounding medium and the total
thermal energy E / Mc of the ISM:
M2 = 1 + �E/E. (9)
Thus the production of weak (M ' 1) or strong shocks (M � 1)
depends on the value of �E which is computed as:
�E = ✏AGNLAGN⌧AGN, (10)
here ✏AGN is the fraction of the AGN bolometric luminosity
transferred to the gas in the form of kinetic energy, and ⌧AGN
is the duration of the AGN phase.

The blast wave model for AGN feedback was used in our
previous papers to explain the distribution of hydrogen column
densities in AGN as a function of luminosity and redshift, and
to predict hydrogen phoionization rate as a function of redshift
(Menci et al. 2008; Giallongo et al. 2012).

4. Model set up

In this section we describe the model parameters that we will use
in the computation of the �-ray emission from AGN winds and
star-forming galaxies.

In particular, we define the parameters that describe the �-
ray spectra of individual AGN winds and star-forming galax-
ies, and the environment into which the shocks expand. We
limit the shock expansion into galactic disks, for which we as-
sume a constant scale height hd = 100 pc (Narayan & Jog 2002;
van der Kruit & Freeman 2011), and an isothermal gas density
profile nH = nH,0/r�2 (see Fig. 1). The constant nH,0 in the den-
sity profile can be constrained by the total gas content in the
disk Mc.
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Figure 3. The allowed values of the starburst (left) and AGN wind (right) hadronic spectral index p and cut-o↵ energy Ecut

derived from HE and VHE observations of NGC 1068 are plotted as a function of the product between the calorimetric fraction
and the acceleration e�ciency ⇠. The logarithmic values of ⇠ corresponding to the coloured contours are displayed on the vertical
bar.

Figure 4. Neutrino spectra of NGC 1068 expected in the starburst (orange lines) and AGN wind (grey lines) models. Dashed
lines indicate the muon neutrino fluxes, while solid lines indicate the total neutrino fluxes. The solid black line represents the
cumulative neutrino spectrum.

7

Figure 2. Gamma-ray spectrum of NGC 1068 in the HE and VHE band. The Fermi-LAT data points are from Lamastra et al.
2016 (P8), and from Ajello et al. 2017 (3FHL). The purple arrows indicate upper limits at 95% confidence level derived from
the analysis of MAGIC data (⇠125 hours) presented in this paper. The green and orange lines show the gamma-ray spectra
prediced by the AGN jet (Lenain et al. 2010) and starburst (p=2.5, Ecut=108 GeV, and ⇠=0.04, Eichmann & Becker Tjus
2016) models, respectively. The shaded grey band indicates the upper (p=2, Ecut=6⇥106 GeV, and ⇠=0.25) and lower (p=2,
Ecut=3⇥105 GeV, and ⇠=0.2) bounds of the gamma-ray emission predicted by the AGN wind model as proposed by Lamastra
et al. 2016. For the sake of clarity, the predictions of the revised AGN wind model (Lamastra et al. 2019) are not shown, since
they do not di↵er from that by Lamastra et al. 2016 at energies smaller than 10 TeV. For comparison, the spectrum predicted
by the AGN wind model that is obtained by assuming one of the combinations of CR proton spectral parameters compatible
with the MAGIC upper limits (p=2, Ecut=8⇥103 GeV, and ⇠=0.2, see Figure 3) is shown with the dark grey line.

where the intense optical and near infrared emission produced by the active nucleus and the surrounding dusty torus
(Hönig et al. 2008) could act as the target photon field for both photohadronic gamma-ray and neutrino emissions and
for pair production (e.g. Murase et al. 2016; Inoue et al. 2019).

5. CONCLUSIONS

The results from the MAGIC observations of NGC 1068 imply that the gamma-ray spectrum could be either entirely
produced by leptonic processes, as in the AGN jet model, or, if a hadronuclear component is present, as envisaged in
the AGN wind or in the starburst models, the accelerated proton population should have soft spectra (p &2.2) and/or
low maximum energy (Ecut '104 GeV).
At present, it is not possible to resolve spatially the emission from the di↵erent components (jet, starburst, molecular

disk) in the gamma-ray band with Fermi-LAT, thus no strong conclusions can be drawn on their relative contributions
to the observed emission. This obstacle could be overcome in principle with observations in the radio band that can
potentially benefit also from spatial information. However, the presence of the radio jet in the inner 100 pc hampers
the identification of any emission not originating from the jet or the compact nucleus.
Improving our understanding of the emission mechanisms in star forming galaxies and AGN is crucial to test source

population models of the extragalactic gamma-ray and neutrino backgrounds. Indeed, although coincident observations
of neutrinos and gamma rays from the blazar TXS 0506+056 represent a compelling evidence of the first extragalactic
neutrino source (Aartsen et al. 2018; Ansoldi et al. 2018), independent analyses indicate that blazars can account only
for a small fraction of the di↵use neutrino flux measured by IceCube (Padovani et al. 2016; Murase & Waxman 2016;
Aartsen et al. 2017).
The astrophysical high-energy neutrino flux observed with IceCube is consistent with an isotropic distribution of

neutrino arrival directions, suggesting an extragalactic origin. Star-forming galaxies such as NGC 1068, could be the
main contributors to the observed neutrino emission. The increase of the sensitivity up to a factor ⇠10, as envisaged
in the the next generation of neutrino detectors (such as Km3Net and IceCube-Gen2), will allow the detection of
neutrinos from the starburst and AGN-wind scenarios described here. At the same time, the improved sensitivity of

wind external shock model for NGC 1068: TeV ULs
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ν + GeV γ backgrounds from AGN wind ext. shocks?

A. Lamastra et al.: Contribution from AGN winds and starburst galaxies to the EGB

Fig. 8. Cumulative �-ray (left) and neutrino (right) background from AGN winds predicted by our SAM. Model predictions are shown for our
fiducial model and for di↵erent AGN wind spectral energy parameters: p = 2.2 (purple lines), p = 2.3 (blue lines), B = BISM (solid lines), and
B = Bshock dashed lines. The circles represent Fermi-LAT data (Ackermann et al. 2015). The squares show the di↵erential model of IceCube
neutrino data, while purple dotted lines represent the power-law models (Aartsen et al. 2015).

– The cumulative �-ray emission from AGN winds and blazars
can account for the amplitude and spectral shape of the EGB,
assuming the standard acceleration theory, and AGN wind
parameters that agree with observations. At energies lower
and greater than E� ' 10 GeV the EGB is dominated by
AGN winds and blazars, respectively. The transition between
these two regimes could, in principle, give rise to breaks and
features in the EGB energy spectrum.

– The neutrino background resulting from charged pion decays
following hadronic interactions can reproduce the IceCube
data assuming accelerated proton spectral index p ⇠ 2.2–2.3.
The Fermi-LAT data could be reproduced simultaneously,
taking into account internal absorption of �-rays.
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Figure 3. Cumulative γ-ray (left) and neutrino background (right) from quasar-driven outflows. The
red points with error bars on the left are the observed data points for the γ-ray background from
Fermi -LAT [16]. The blue, green and orange shaded regions correspond to the contribution from
quasar outflows, blazars and other components (including radio galaxies and star-forming galaxies),
respectively, and the total contribution from all components is represented by the solid black line.
The power-law and differential model of IceCube neutrino data (all flavors combined) are shown on
the right as the gray shaded region and the black points with error bars, respectively [27]. The pink,
purple and brown lines correspond to the cumulative neutrino flux produced by quasar outflows where
the accelerated protons have an energy distribution with a power-law index of Γp = 2.2, 2.3 and 2.4,
respectively.

where L⋆ varies with redshift according to the functional dependence, logL⋆ = (logL⋆)0 +
kL,1ξ+ kL,2ξ2 + kL,3ξ3, ξ = log[(1+ z)/(1+ zref)], with zref = 2 and kL,1, kL,2 and kL,3 being
free parameters. We adopt parameter values of the pure luminosity evolution model, where
log(Φ⋆/Mpc−3) = −4.733,

(

log(L⋆/L⊙)
)

0
= 12.965, L⊙ = 3.9 × 1033 erg s−1, kL,1 = 0.749,

kL,2 = −8.03, kL,3 = −4.40, γ1 = 0.517 and γ2 = 2.096. The comoving volume per unit solid
angle can be expressed as:

dV

dzdΩ
= DH

D2
L(z)

(1 + z)2E(z)
, (3.3)

where DH = c/H0 and E(z) =
√

ΩM(1 + z)3 + ΩΛ. We adopt the standard cosmological pa-
rameters: H0 = 70 km s−1Mpc−1, ΩM = 0.3 and ΩΛ = 0.7 and integrate over the bolometric
luminosity range of Lbol = 1042–1048 erg s−1 and the redshift range of z = 0–5.

Figure 3 shows the cumulative neutrino background (CNB) from quasar-driven outflows
compared to the most recent IceCube data, which are fitted by two separate models [27]:
a differential model fitted by nine free parameters (indicated as the black points with error
bars), and a single power-law model (indicated as the gray shaded region) in the form of

Φpl
ν = φ×(Eν/100TeV)−γ where φ = 6.7+1.1

−1.2×10−18GeV−1 cm−2 s−1 sr
−1

and γ = 2.50±0.09.

For each value of Γp, we fix ϵntfkin based on the best fit to the EGB and produce
the neutrino background without allowing additional freedom in the parameter choices. In-
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contributions of starburst galaxies coexisting with AGNs are
necessary for star-forming galaxies to significantly contribute
to the diffuse neutrino and gamma-ray backgrounds, and they
suggested the possibility of AGN-driven winds as one of the
cosmic-ray accelerators. However, realistically, the theoretical
gamma-ray and neutrino fluxes highly depend on the model
parameters, such as the shock velocity evolution and the
density of the ambient medium, which determines the
interaction efficiency, as studied in WLI, WLII, and Lamastra
et al. (2017). Actually, as we will show in this work, the total
diffuse neutrino background and EGB cannot be simulta-
neously explained by this model, once considering the
constraint from the so-called isotropic gamma-ray background
(IGRB), which is obtained by subtracting the emission of
resolved extragalactic point sources from the EGB (Ackermann
et al. 2015).

In this work, we evaluate the gamma-ray and neutrino
emission from AGN-driven winds in more detail compared to
previous studies. We take into account several effects that had
not been properly accounted for, such as the two-temperature
structure of the wind and the adiabatic cooling of accelerated
protons. The resulting diffuse gamma-ray and neutrino fluxes
are reduced, by which we can avoid the problem of
overshooting the IGRB. The paper is structured as follows:
the dynamical evolution of the wind is studied in Section 2;
gamma-ray and neutrino production by an individual source is
calculated in Section 3; we obtain the diffuse gamma-ray and
neutrino flux from the sources throughout the universe and
compare with the results in the previous literature in Section 4;
in Sections 5 and 6, we discuss various implications of our
results; and the summary is given in Section 7.

2. Dynamics of AGN-driven Winds

Following WLI, WLII, and Lamastra et al. (2017), we adopt
the 1D model and assume the spherical symmetry for the wind
and the ambient gas. The physical picture is similar to that of
the stellar-wind bubble (Castor et al. 1975) but in different
scales. Let us denote the radius of the forward shock that
expands into the ambient medium by Rs, and the radius of the
reverse shock that decelerates the wind by Rrs. Together with a
contact discontinuity at radius Rcd that separates the two
shocks, this dynamical system is divided into four distinct
zones. Outward, they are (a) the cold fast AGN wind moving
with the bulk velocity vw, (b) the hot shocked winds, (c) the
shocked ambient gases, and (d) the ambient gas, which is
assumed to consist of pure hydrogen atoms for simplicity. A
schematic diagram that illustrates the outflow structure is
shown in Figure 1. Following the treatment in the previous
literature (Weaver et al. 1977; Faucher-Giguère & Quataert
2012; Wang & Loeb 2015), we consider the so-called thin-shell
approximation for regionc, which assumes negligible thick-
ness of the shocked ambient gases (i.e., Rcd;Rs) and that all
the shocked gases move with the same velocity vs.

8 In regionb
or the region of shocked AGN wind, we consider a steady flow
of a homogeneous density nsw and temperature Tsw, which
results in a homogeneous thermal pressure Psw in the region at
any given time. The condition of mass conservation then gives
a constant value of R2vsw from Rrs to Rs, where R is the distance

to the AGN at the galactic center and vsw is the velocity of the
shocked wind. At R= Rs, the shocked wind should move at the
same velocity as the shocked gas, so we have the boundary
condition, vsw(Rs)= vs. Let’s further denote the velocity of the
shocked wind just behind the reverse shock by v R vsw rs sw= ¢( ) ,
and then we have v R R vs ssw rs

2¢ = ( ) . We note that the velocity
of the shocked wind just behind the reverse shock is not equal
to that of the reverse shock vrs. But we can find the relation
between them by the Rankine–Hugoniot jump relation, i.e.,

v v v v4 . 1w rs sw rs- = ¢ -( ) ( )
Besides, this condition gives the proton and electron tempera-
tures in shocked wind immediately behind the shock by

T
m

k
v v

3
16

, 2p
p

,sw w rs
2= -( ) ( )

T
m
k

v v
3

16
, 3e

e
,sw w rs

2= -( ) ( )

where mp and me are the mass of a proton and an electron,
respectively. We consider the minimal electron heating case,
protons receive the majority of the shock heat (Faucher-
Giguère & Quataert 2012), and the thermal pressure of the
shocked wind can then be found by
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and the total thermal pressure is Psw= Pp,sw+Pe,sw. In the
above expressions, n n M R m v4 psw w w rs

2
wp= = ˙ / is the density

of both protons and electrons in the shocked wind, where nw is
the density of the unshocked wind and M L v2w w,k w

2=˙ is the
mass injection rate of the wind, with Lw,k being the kinetic
luminosity of the wind. We assume Lw,k to be 5% of the
bolometric luminosity of the AGN Lb following WLII, keeping
constant before the AGN quenches. Note that the sound speed
in the shocked wind region is P v vsw sw w swr~ - ¢� , which is

Figure 1. Schematic diagram for the structure of the AGN wind-shock system.
Spherical symmetry is assumed for the system. See the text for detailed
descriptions.

8 The forward-shock speed should be about 4/3 times the downstream speed
when the Mach number is large. But they are essentially the same under the
thin-shell approximation.
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Rdisk= 0.04Rvir. For the same AGN luminosity, a larger
redshift leads to a smaller Rvir and Rdisk. As a result, the total
mass content is reduced in the halo while the gas distribution is
still the same in the disk. Therefore, a larger redshift leads to a
less efficient gamma-ray/neutrino production in the halo. From
the perspective of the light curve, the position of the decline in
the light curve at 10 kpc should appear earlier for larger z and
vice versa. In reality, the density may also positively scale as
redshift and results in a larger gamma-ray/neutrino production
for higher-redshift AGN host galaxies. In principle, a more
careful treatment is necessary, such as done in Yuan
et al. (2018).

We are aware that after an AGN shuts off, the forward shock
may still expand into the ambient gas and accelerate protons.
However, the host galaxy would no longer be regarded as a
quasar-type or Seyfert-type AGN for the current observers,
although it may be left as a low-luminosity AGN with powerful
jets. Since we are only concerned with the gamma-ray and
neutrino fluxes from AGNs, we do not consider the production
beyond tsal. On the other hand, even if we assume that all the
inactive galaxies were AGNs, their contribution to the diffuse
gamma-ray and neutrino fluxes should be minor compared to
that from AGNs at the present time. This is because the AGN
fraction is about ∼1% among all the galaxies (Haggard
et al. 2010), while the emissivity of gamma rays or neutrinos
from an inactive galaxy is far smaller than 1% of the average
emissivity during its active period.

4. Contribution to Diffuse Neutrino and Gamma-ray
Backgrounds

In the previous section, we have examined the gamma-ray
and neutrino light curves from a single AGN embedded in a
dense ISM surrounded by a less dense halo. To obtain the
diffusive gamma-ray/neutrino flux from AGNs throughout
the universe, we need to sum up the contribution from
AGNs with different luminosities and redshifts. Note that those
AGN-driven wind bubbles should be at different stages of
the evolution, so we need to take the average luminosity
during their lifetime, which can be given by L E =g n¯ ( )

L E R t dt t,
t

0 Sal
Sal

ò g n [ ( )] . Finally, we have the diffuse gamma-
ray flux

E E
c
H

L z
L z E L

z E z
E z dzdL

4
,

1 ,

1
exp , ,

21

b
L z b2

0

, ,
2

bò òp
t

F = Y
+

+
´ -

g g g
g g

gg g

( ) ( )
¯ [( ) ]

( ) ( )
[ ( )]

( )
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3= + W + WL( ) ( ) and Ψ(Lb, z) is given by

Hopkins et al. (2007),
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accounting for the number of AGNs per logarithmic luminosity
interval per volume. We adopt the pure luminosity evolution model,
and the parameters are given by log Mpc 4.7333

�F = -( ) ,
L L klog log L0 ,1� x= + k kL L,2

2
,3

3x x+ + , zlog 1x = +[( )
z1 ref+( )], zref= 2, L Llog 12.9650 =:( ) , kL,1= 0.749, kL,2=

−8.03, kL,3= 4.40, γ1= 0.517, and γ2= 0.296. τγγ(Eγ, z) is the
gamma-ray opacity due to absorption by cosmic microwave

background (CMB) and extragalactic background light (EBL) for a
photon that originated from redshift z with a redshifted energy Eγ at
Earth. We adopt an EBL model of moderate intensity provided by
Finke et al. (2010). In WLI and WLII, they adopted the EBL model
of Stecker et al. (2006), which was already ruled out by the gamma-
ray observations by Fermi-LAT and observations with imaging
atmospheric Cherenkov telescopes (e.g., Abdo et al. 2010; Orr
et al. 2011). But to compare with their results, we also adopt this
EBL model in our calculation for reference. Note that one should
remove this term when calculating the diffuse neutrino flux.
After integrating over the luminosity in the range of

1042–1048 erg s−1 and redshift in the range of z= 0–5, we
can obtain the diffusive gamma-ray and neutrino backgrounds.
Figure 6 shows the results with different proton spectra at
injection, i.e., SPL spectrum with ΓCR= 2.3 and ΓCR= 2.1,
and BPL spectrum with ΓCR= 2 below 100 TeV and ΓCR= 2.5
above 100 TeV. No internal absorption of high-energy photons
is considered, but electromagnetic cascades initiated by high-
energy photons during the propagation in the intergalactic
space are taken into account based on the EBL model of Finke
et al. (2010). In this work, the calculation of electromagnetic
cascades follows the simplified method described in Liu et al.
(2016), and a sufficiently weak intergalactic magnetic field
(1 nG) is assumed so that cascades in the considered energy
range will not be affected by synchrotron losses (see Murase
et al. 2012). Given the total cosmic-ray luminosity, the GeV
gamma-ray flux from direct π0 decay in the case of ΓCR= 2.3
is higher than those in the cases of ΓCR= 2.1 and the BPL case.
However, due to the contribution of the cascade emission
whose energy production rate is 100 GeV gamma-ray
photons, the total GeV gamma-ray flux for ΓCR= 2.3 becomes
smaller than the latter two cases.

Figure 6. Diffuse gamma-ray flux (solid curves) and all-flavor neutrino flux
(dashed curves). The gamma-ray flux from direct π0 decay is also shown
(dotted curves). Different colors represent the cases for different proton spectral
indices. The EBL model by Finke et al. (2010) is adopted. The red and pink
filled circles represent the Fermi-LAT EGB and IGRB data for foreground
model A, respectively (Ackermann et al. 2015). The black filled squares are the
astrophysical neutrino fluxes measured by IceCube (Aartsen et al. 2015),
obtained from a combined maximum likelihood analysis, while the blue shaded
region corresponds to the 68% C.L. allowed region for the muon (including
anti-muon) neutrino flux with an SPL model (IceCube Collaboration
et al. 2017; the original data have been multiplied by 3 to convert to an all-
flavor flux, assuming a flavor ratio of 1:1:1).
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Rdisk= 0.04Rvir. For the same AGN luminosity, a larger
redshift leads to a smaller Rvir and Rdisk. As a result, the total
mass content is reduced in the halo while the gas distribution is
still the same in the disk. Therefore, a larger redshift leads to a
less efficient gamma-ray/neutrino production in the halo. From
the perspective of the light curve, the position of the decline in
the light curve at 10 kpc should appear earlier for larger z and
vice versa. In reality, the density may also positively scale as
redshift and results in a larger gamma-ray/neutrino production
for higher-redshift AGN host galaxies. In principle, a more
careful treatment is necessary, such as done in Yuan
et al. (2018).

We are aware that after an AGN shuts off, the forward shock
may still expand into the ambient gas and accelerate protons.
However, the host galaxy would no longer be regarded as a
quasar-type or Seyfert-type AGN for the current observers,
although it may be left as a low-luminosity AGN with powerful
jets. Since we are only concerned with the gamma-ray and
neutrino fluxes from AGNs, we do not consider the production
beyond tsal. On the other hand, even if we assume that all the
inactive galaxies were AGNs, their contribution to the diffuse
gamma-ray and neutrino fluxes should be minor compared to
that from AGNs at the present time. This is because the AGN
fraction is about ∼1% among all the galaxies (Haggard
et al. 2010), while the emissivity of gamma rays or neutrinos
from an inactive galaxy is far smaller than 1% of the average
emissivity during its active period.

4. Contribution to Diffuse Neutrino and Gamma-ray
Backgrounds

In the previous section, we have examined the gamma-ray
and neutrino light curves from a single AGN embedded in a
dense ISM surrounded by a less dense halo. To obtain the
diffusive gamma-ray/neutrino flux from AGNs throughout
the universe, we need to sum up the contribution from
AGNs with different luminosities and redshifts. Note that those
AGN-driven wind bubbles should be at different stages of
the evolution, so we need to take the average luminosity
during their lifetime, which can be given by L E =g n¯ ( )
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accounting for the number of AGNs per logarithmic luminosity
interval per volume. We adopt the pure luminosity evolution model,
and the parameters are given by log Mpc 4.7333
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−8.03, kL,3= 4.40, γ1= 0.517, and γ2= 0.296. τγγ(Eγ, z) is the
gamma-ray opacity due to absorption by cosmic microwave

background (CMB) and extragalactic background light (EBL) for a
photon that originated from redshift z with a redshifted energy Eγ at
Earth. We adopt an EBL model of moderate intensity provided by
Finke et al. (2010). In WLI and WLII, they adopted the EBL model
of Stecker et al. (2006), which was already ruled out by the gamma-
ray observations by Fermi-LAT and observations with imaging
atmospheric Cherenkov telescopes (e.g., Abdo et al. 2010; Orr
et al. 2011). But to compare with their results, we also adopt this
EBL model in our calculation for reference. Note that one should
remove this term when calculating the diffuse neutrino flux.
After integrating over the luminosity in the range of

1042–1048 erg s−1 and redshift in the range of z= 0–5, we
can obtain the diffusive gamma-ray and neutrino backgrounds.
Figure 6 shows the results with different proton spectra at
injection, i.e., SPL spectrum with ΓCR= 2.3 and ΓCR= 2.1,
and BPL spectrum with ΓCR= 2 below 100 TeV and ΓCR= 2.5
above 100 TeV. No internal absorption of high-energy photons
is considered, but electromagnetic cascades initiated by high-
energy photons during the propagation in the intergalactic
space are taken into account based on the EBL model of Finke
et al. (2010). In this work, the calculation of electromagnetic
cascades follows the simplified method described in Liu et al.
(2016), and a sufficiently weak intergalactic magnetic field
(1 nG) is assumed so that cascades in the considered energy
range will not be affected by synchrotron losses (see Murase
et al. 2012). Given the total cosmic-ray luminosity, the GeV
gamma-ray flux from direct π0 decay in the case of ΓCR= 2.3
is higher than those in the cases of ΓCR= 2.1 and the BPL case.
However, due to the contribution of the cascade emission
whose energy production rate is 100 GeV gamma-ray
photons, the total GeV gamma-ray flux for ΓCR= 2.3 becomes
smaller than the latter two cases.

Figure 6. Diffuse gamma-ray flux (solid curves) and all-flavor neutrino flux
(dashed curves). The gamma-ray flux from direct π0 decay is also shown
(dotted curves). Different colors represent the cases for different proton spectral
indices. The EBL model by Finke et al. (2010) is adopted. The red and pink
filled circles represent the Fermi-LAT EGB and IGRB data for foreground
model A, respectively (Ackermann et al. 2015). The black filled squares are the
astrophysical neutrino fluxes measured by IceCube (Aartsen et al. 2015),
obtained from a combined maximum likelihood analysis, while the blue shaded
region corresponds to the 68% C.L. allowed region for the muon (including
anti-muon) neutrino flux with an SPL model (IceCube Collaboration
et al. 2017; the original data have been multiplied by 3 to convert to an all-
flavor flux, assuming a flavor ratio of 1:1:1).
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contributions of starburst galaxies coexisting with AGNs are
necessary for star-forming galaxies to significantly contribute
to the diffuse neutrino and gamma-ray backgrounds, and they
suggested the possibility of AGN-driven winds as one of the
cosmic-ray accelerators. However, realistically, the theoretical
gamma-ray and neutrino fluxes highly depend on the model
parameters, such as the shock velocity evolution and the
density of the ambient medium, which determines the
interaction efficiency, as studied in WLI, WLII, and Lamastra
et al. (2017). Actually, as we will show in this work, the total
diffuse neutrino background and EGB cannot be simulta-
neously explained by this model, once considering the
constraint from the so-called isotropic gamma-ray background
(IGRB), which is obtained by subtracting the emission of
resolved extragalactic point sources from the EGB (Ackermann
et al. 2015).

In this work, we evaluate the gamma-ray and neutrino
emission from AGN-driven winds in more detail compared to
previous studies. We take into account several effects that had
not been properly accounted for, such as the two-temperature
structure of the wind and the adiabatic cooling of accelerated
protons. The resulting diffuse gamma-ray and neutrino fluxes
are reduced, by which we can avoid the problem of
overshooting the IGRB. The paper is structured as follows:
the dynamical evolution of the wind is studied in Section 2;
gamma-ray and neutrino production by an individual source is
calculated in Section 3; we obtain the diffuse gamma-ray and
neutrino flux from the sources throughout the universe and
compare with the results in the previous literature in Section 4;
in Sections 5 and 6, we discuss various implications of our
results; and the summary is given in Section 7.

2. Dynamics of AGN-driven Winds

Following WLI, WLII, and Lamastra et al. (2017), we adopt
the 1D model and assume the spherical symmetry for the wind
and the ambient gas. The physical picture is similar to that of
the stellar-wind bubble (Castor et al. 1975) but in different
scales. Let us denote the radius of the forward shock that
expands into the ambient medium by Rs, and the radius of the
reverse shock that decelerates the wind by Rrs. Together with a
contact discontinuity at radius Rcd that separates the two
shocks, this dynamical system is divided into four distinct
zones. Outward, they are (a) the cold fast AGN wind moving
with the bulk velocity vw, (b) the hot shocked winds, (c) the
shocked ambient gases, and (d) the ambient gas, which is
assumed to consist of pure hydrogen atoms for simplicity. A
schematic diagram that illustrates the outflow structure is
shown in Figure 1. Following the treatment in the previous
literature (Weaver et al. 1977; Faucher-Giguère & Quataert
2012; Wang & Loeb 2015), we consider the so-called thin-shell
approximation for regionc, which assumes negligible thick-
ness of the shocked ambient gases (i.e., Rcd;Rs) and that all
the shocked gases move with the same velocity vs.

8 In regionb
or the region of shocked AGN wind, we consider a steady flow
of a homogeneous density nsw and temperature Tsw, which
results in a homogeneous thermal pressure Psw in the region at
any given time. The condition of mass conservation then gives
a constant value of R2vsw from Rrs to Rs, where R is the distance

to the AGN at the galactic center and vsw is the velocity of the
shocked wind. At R= Rs, the shocked wind should move at the
same velocity as the shocked gas, so we have the boundary
condition, vsw(Rs)= vs. Let’s further denote the velocity of the
shocked wind just behind the reverse shock by v R vsw rs sw= ¢( ) ,
and then we have v R R vs ssw rs

2¢ = ( ) . We note that the velocity
of the shocked wind just behind the reverse shock is not equal
to that of the reverse shock vrs. But we can find the relation
between them by the Rankine–Hugoniot jump relation, i.e.,

v v v v4 . 1w rs sw rs- = ¢ -( ) ( )
Besides, this condition gives the proton and electron tempera-
tures in shocked wind immediately behind the shock by
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where mp and me are the mass of a proton and an electron,
respectively. We consider the minimal electron heating case,
protons receive the majority of the shock heat (Faucher-
Giguère & Quataert 2012), and the thermal pressure of the
shocked wind can then be found by

P n kT n m v v

n m v v

3
16

1
3

, 4

p p

p

,sw sw sw sw w rs
2

sw w sw
2

= = -

= - ¢

( )

( ) ( )

P n kT n m v v

n m v v

3
16

1
3

, 5

e e

e

,sw sw sw sw w rs
2

sw w sw
2

= = -

= - ¢

( )

( ) ( )

and the total thermal pressure is Psw= Pp,sw+Pe,sw. In the
above expressions, n n M R m v4 psw w w rs

2
wp= = ˙ / is the density

of both protons and electrons in the shocked wind, where nw is
the density of the unshocked wind and M L v2w w,k w

2=˙ is the
mass injection rate of the wind, with Lw,k being the kinetic
luminosity of the wind. We assume Lw,k to be 5% of the
bolometric luminosity of the AGN Lb following WLII, keeping
constant before the AGN quenches. Note that the sound speed
in the shocked wind region is P v vsw sw w swr~ - ¢� , which is

Figure 1. Schematic diagram for the structure of the AGN wind-shock system.
Spherical symmetry is assumed for the system. See the text for detailed
descriptions.

8 The forward-shock speed should be about 4/3 times the downstream speed
when the Mach number is large. But they are essentially the same under the
thin-shell approximation.
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pγ ν (+ γ) from near-nucleus regions in AGN winds?
potential particle acceleration via:
- internal shocks caused by highly variable wind ejection
  (observational evidence + theoretical support)
- interaction shocks with external or internal clouds/stars
pγ interactions with nuclear radiation
- neutrinos ~<10 PeV
- cascade ~<MeV-GeV

MBH=108 M⦿
Ldisk=1044 erg/s
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z=1015 cm
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summary
fact: widespread existence of powerful, fast or ultrafast
  baryonic(ionic) outflows in AGN, independent of rel. jets
wind external shocks
- external shocks potential site of particle acceleration and
  nonthermal emission
- neutrino + γ-rays from NGC 1068 by pp processes?
  -> strongly constrained by TeV upper limits
- neutrino and γ-ray background by pp processes?
 -> dominant contribution unlikely, except >100 TeV neutrinos
wind internal regions
- potentially interesting contribution to IceCube neutrinos
  consistent with γ-ray constraints - work in progress!
- testable with future neutrino+ γ-ray observations
  of nearby Seyferts

neutrinos + γ-rays from AGN-driven winds	

(in addition to feedback effects)
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The answer, my friend,
is blowin’ in the wind…	


