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1. brief introduction to AGN-driven winds



1. importance of AGN winds

1. Observed to exist, widespread (radio-quiet + radio-loud)
 <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
2. Can be explained plausibly by various mechanisms
    (not as difficult as jets): thermal, radiative, magnetic…
3. May provide mechanical/thermal feedback onto host gas
    -> observed BH scaling relations, star formation quenching
4. May be particle accelerators + nonthermal emitters
    weakly beamed, quasi-isotropic
    - kpc-scale external shocks (wind + host galaxy gas)

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

<-> rel. jets	

3. May be important for collimating jets in radio-loud objects

 - subpc-scale internal shocks?	



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
  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
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Figure 2. Sequence of VLBA images at 43 GHz during 2010–2011. The
global peak of the map is 1.13 Jy beam−1 with the beam size of 0.32 ×
0.16 mas2 at a position angle of −10◦, the contour levels start at 0.25
per cent of the peak and increase by a factor of 2. The lines denote the
proper motion of the radio jet knots k10 and k11.

clearly observe the presence of two new radio jet knots, each char-
acterized by its flux density, full width at half-maximum diameter
and position relative to the core. Times of ‘ejection’ are defined
as the extrapolated time of coincidence of a moving knot with the
position of the 43-GHz core. We use the position versus time data
to determine the projected direction on the sky of the inner jet, as
well as the apparent speeds and ejection times of new superlumi-
nal knots. Continuing with the nomenclature adopted by Ch11, we
have knot k10 appearing from the 43-GHz core at 2010.85 ± 0.02
and k11 at 2011.01 ± 0.07. Both of them have apparent superlumi-
nal velocities of 5.66 ± 0.09c and 5.22 ± 0.35c, respectively. The
proper motion of these knots can be directly followed in Fig. 2 for
almost one year.

The dates relative to the X-ray dips and jet knot appearance
between 2008 and 2011 are marked in the RXTE light curve in
Fig. 1 by arrows. We see that, in line with the reported correlation
between X-ray dips and jet ejections (Ch11), new radio jet knots
systematically appear a few months after major X-ray dips. This is
also valid for the two new detected ones, k10 and k11, which appear
about three months after the relative X-ray dips d10 and d11. We are
confident that the dips d10 and d11 are indeed related to the knots
k10 and k11 for several reasons: there is no significant detection
of a new knot ejection in the radio images between 2010.60 and
2010.80, the time interval between d10 and d11 is equivalent to
that between k10 and k11 and also both knots appear in the radio
images with an equivalent delay of about three months after the
relative dips. In general, the delay is distributed between 0.03 and
0.34 yr, with a mean value of 0.15 ± 0.08 yr (Ch11). As already
discussed by Ch11, considering the apparent speeds of ∼4–5c, an
average delay from the X-ray dips of ∼0.15 yr and an inclination
of ∼18◦, we can derive that the typical distance travelled by the jet
knots before appearing out from the 43-GHz core is d ∼ 0.6 pc.

Considering the jet knots k7 and k10, their actual bulk velocity
(v = βc) can be estimated from the apparent velocity (vapp = βappc)
adopting an inclination to the line of sight of θ ∼ 18◦ (Jorstad et al.
2005), βapp = βsin θ (1 − βcos θ )−1. We obtain vk7 ≃ 0.982c and
vk10 ≃ 0.995c and the relative Lorentz factors (# = 1/

!
1 − β2)

are #k7 ∼ 5.3 and #k10 ≃ 10 for k7 and k10, respectively. The knot
k10 is faster than k7 and their parameters are reported in Table 2.

Assuming equipartition and using formula (A3) in Jorstad &
Marscher (2004) we derive an estimate of the magnetic field of B ≃
0.1 G, consistent with the typical values at nearly subparsec (sub-
pc) scales (e.g. O’Sullivan & Gabuzda 2009). Then, it is possible to
roughly quantify the jet kinetic power as ĖK,j ≃ 2(B2/8π)(πd2)c ∼
3 × 1044 erg s−1, where d is the previously estimated distance of the
knots from the black hole. However, if we also include the possible
additional term due to the rest-mass energy of the protons, the
kinetic power can reach values up to ∼1045 erg s−1. These estimates
are consistent with the typical jet power of radio galaxies estimated
from the associated radio lobes of ĖK,j ∼ 1044–1045 erg s−1 (e.g.
Rawlings & Saunders 1991). Subsequently, from the relation ĖK,j ≃
(1/2)Ṁout,jc

2(# − 1) we can also calculate the mass flux rate that
is funnelled into the jet. Considering the average # ∼ 7 of the jet
knots in Table 2, we obtain a mass outflow rate of Ṁout,j ≃ 0.0005−
0.005 M⊙ yr−1.

4 D ISCUSSION

In this paper we focus on a comparison between the parameters of
the jet and accretion disc outflows, also referred as UFOs, observed
in 3C 111. This is the first time that such a study is performed for an
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Jet and disc outflows in 3C 111 757

Figure 1. Long-term 2.4–10 keV flux RXTE light curve of 3C 111 between 2008 and mid-2011. The vertical solid/dotted lines refer to the detection/non-
detection of UFOs in the Suzaku and XMM–Newton spectra. The detections of UFOs are marked with ‘u’. The dates relative to the X-ray dips and the appearance
of new jet knots in the VLBA images are marked with ‘d’ and ‘k’, respectively.

Table 2. Times of X-ray dips, observations of UFOs and appearance of
radio knots.

Dip TXmin UFO Tufo Knot Tknot βapp

d7 2008.51 u7 2008.65 k7 2008.83 ± 0.07 4.54 ± 0.38
d8 2008.98 – – k8 2009.07 ± 0.08 4.07 ± 0.43
d9 2009.26 – – k9 2009.29 ± 0.04 4.33 ± 0.66
d10 2010.57 u10 2010.69 k10 2010.85 ± 0.02 5.66 ± 0.09
d11 2010.78 – – k11 2011.01 ± 0.07 5.22 ± 0.35

Note. βapp is the apparent speed of the radio knots in units of c.

the RXTE light curve and also allows us to oversample by a factor of
∼2 the typical variability time-scale of the UFO in 3C 111 of about
∼7 days (Tombesi et al. 2010b, 2011b). If the difference is positive
it indicates a rising flux, instead if null or negative it indicates a
steady/decreasing flux. We find that the first and fourth observations
in Table 1, the ones with detected UFOs, happened during periods of
increasing flux.4 Instead, the non-detections in the second and fifth
observations occurred during intervals of decreasing flux. Following
this criterion, the non-detection in the third observation occurred in
an interval of steady/decreasing flux too. However, we note that
this latter case is less stringent because it happened very close to

4 We note that the observation of the UFO u7 occurred at the beginning of
a period of rising flux, just after the major X-ray dip d7. If the rising period
is related with the acceleration of the outflow, this might explain why the
velocity of u7 is much lower than u10, which instead was detected close to
a maximum in flux.

a sudden spike in flux and we adopt a conservative approach not
considering it in the following discussion.

From Fig. 1, we derive that overall the UFOs seem to be pref-
erentially detected during intervals of increasing flux. In order to
estimate the statistical confidence of the possible relation between
the UFOs and the periods of rising flux, we tested the null hypothe-
sis that UFOs are not detected during phases of ascending flux but
only in steady or decreasing intervals. This hypothesis is satisfied
in none of the four cases described before, yielding a probability
of <1/4. Therefore, conservatively, we can say that the statistical
probability of the claim that UFOs are preferentially observed dur-
ing phases of rising flux is P = 1 − (1/4) ! 75 per cent. Given
the limited number of observations available, we stress that the sta-
tistical significance of this relation is only marginal and it should
be regarded only as an indication. However, we note that a similar
behaviour was observed also in other sources showing UFOs (e.g.
Braito et al. 2007; Giustini et al. 2011).

3 R A D I O O B S E RVAT I O N S O F TH E J E T O N
SUBPARSEC SCALES

3C 111 is actively monitored with the VLBA at 43 GHz at roughly
monthly intervals by the blazar group at the Boston University. Here
we present a temporal extension of the VLBA analysis of Ch11 (see
their fig. 6) from 2008 up to mid-2011. The sequence of VLBA
images shown in Fig. 2 provides a dynamic view of the inner jet
between 2010 November and 2011 September at an angular resolu-
tion ∼0.1 mas, corresponding to ∼0.094 pc. The VLBA data have
been processed in the same manner as described in Ch11. We can

C⃝ 2012 The Authors, MNRAS 424, 754–761
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radio-loud AGN with UFOs: collimation by winds?

2/18 broad-line radio galaxies detected at GeV

stronger than average core radio emission
-> jet emission at intermediate viewing angle? 

50+-20% radio-loud galaxies found to have UFOs3/5 broad-line radio galaxies found to have UFOs

Tombesi+ 14	Tombesi+ 14	

de Jong+ 12	

- 7 UFOs/27 radio-loud AGN
  -> 50+-20% accounting for selection effects 	
- jet vs UFO comparison in individual objects
  evidence for coexistence
  rough pressure equilibrium PUFO,th~Pjet,ram

3C111

Tombesi+ 10,14	

Tombesi+ 12,13	

more comprehensive observations with Hitomi	



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.

References

Aartsen, M. G., Ackermann, M., Adams, J., et al. 2014, ApJ, 796, 109
Aartsen, M. G., Abraham, K., Ackermann, M., et al. 2015, ApJ, 809, 98
Ackermann, M., Ajello, M., Allafort, A., et al. 2012, ApJ, 755, 164
Ackermann, M., Ajello, M., Albert, A., et al. 2015, ApJ, 799, 86
Ackermann, M., Ajello, M., Atwood, W. B., et al. 2016, ApJS, 222, 5
Ackermann, M., Ajello, M., Albert, A., et al. 2017, ApJ, 836, 208
Adrián-Martínez, S., Ageron, M., Aharonian, F., et al. 2016a, J. Phys. G Nucl.

Phys., 43, 084001
Adrián-Martínez, S., Albert, A., André, M., et al. 2016b, ApJ, 823, 65
Aharonian, F. A., & Atoyan, A. M. 2000, A&A, 362, 937
Ajello, M., Gasparrini, D., Sánchez-Conde, M., et al. 2015, ApJ, 800, L27
Antonucci, R. R. J., & Miller, J. S. 1985, ApJ, 297, 621
Atwood, W. B., Abdo, A. A., Ackermann, M., et al. 2009, ApJ, 697, 1071
Bell, A. R. 1978a, MNRAS, 182, 147
Bell, A. R. 1978b, MNRAS, 182, 443
Blandford, R. D., & Ostriker, J. P. 1978, ApJ, 221, L29
Bond, J. R., Cole, S., Efstathiou, G., & Kaiser, N. 1991, ApJ, 379, 440
Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000
Calura, F., & Menci, N. 2009, MNRAS, 400, 1347

Cavaliere, A., & Vittorini, V. 2000, ApJ, 543, 599
Chakraborty, N., & Fields, B. D. 2013, ApJ, 773, 104
Chakraborty, S., & Izaguirre, I. 2016, ArXiv e-prints [arXiv:1607.03361]
Chartas, G., Brandt, W. N., Gallagher, S. C., & Garmire, G. P. 2002, ApJ, 579,

169
Chevalier, R. A. 1976, ApJ, 207, 872
Chevalier, R. A. 1982, ApJ, 258, 790
Chevalier, R. A. 1998, ApJ, 499, 810
Cicone, C., Maiolino, R., Sturm, E., et al. 2014, A&A, 562, A21
Di Mauro, M., Calore, F., Donato, F., Ajello, M., & Latronico, L. 2014, ApJ,

780, 161
Drury, L. 1983, Space Sci. Rev., 36, 57
Faucher-Giguère, C.-A., & Quataert, E. 2012, MNRAS, 425, 605
Ferrara, A., Pettini, M., & Shchekinov, Y. 2000, MNRAS, 319, 539
Feruglio, C., Maiolino, R., Piconcelli, E., et al. 2010, A&A, 518, L155
Feruglio, C., Fiore, F., Carniani, S., et al. 2015, A&A, 583, A99
Fields, B. D., Pavlidou, V., & Prodanović, T. 2010, ApJ, 722, L199
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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 regionc, 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 regionb
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
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where E z z1 M
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).

8

The Astrophysical Journal, 858:9 (15pp), 2018 May 1 Liu et al.

- Max <30% of EGRB
- ΓCR~<2.2 required if >20% contribution to DνB
- Large contritbution to DνB >100 TeV possible if ΓCR~2.0-2.1 



ν + GeV γ backgrounds from AGN wind ext. shocks

Liu, Murase,
SI et al. 2018

- Max <30% of EGRB
- ΓCR~<2.2 required if >20% contribution to DνB
- Large contritbution to DνB >100 TeV possible if ΓCR~2.0-2.1 

Neutrinos are not affected during their propagation, except
for adiabatic losses due to the expansion of the universe. Thus,
if one extrapolates neutrino flux to the GeV range, the flux
level is consistent with the π0 gamma-ray flux. We can see that,
in all three cases, the gamma-ray fluxes are significantly lower
than the observed EGB flux at 1–10 GeV, constituting at most a
fraction of 30% of the EGB around 50 GeV. On the other
hand, the neutrino fluxes are lower than the best-fit IceCube
flux at 10 TeV by a factor of 5–20. However, we note that in
the case of a hard index, ΓCR= 2.1, although the neutrino flux
is about 5 times lower than the best-fit value at 10 TeV, the flux
above 100 TeV is consistent with that inferred from through-
going muon neutrino detection (assuming the neutrino flavor
ratio to be 1:1:1). Indeed, the two-component scenario is
possible, in which a hard component above 100 TeV (Aartsen
et al. 2015, 2016) can be explained by cosmic-ray reservoir
models, which may be even related to the sources of ultra-high-
energy cosmic rays(Liu et al. 2014; Murase & Waxman 2016;
Fang et al. 2017).

Given the adopted luminosity function, we find that AGNs
with luminosity around 1045 erg s−1 make the most important
contribution. This explains the softening of the neutrino
spectrum at ∼1 PeV since the maximum proton energy is
around 100 PeV for L= 1045 erg s−1 AGNs when the shock is
around 10 kpc (see Figure 4), where most energies are released
as we discussed above. We reiterate that acceleration of
∼1–100 PeV protons is required to produce 10 TeV–1 PeV
neutrinos via inelastic pp collisions. According to Figure 4,
protons with such high energies may not be achieved in the
forward shocks of some AGN winds, especially when
considering that the Bohm diffusion fails to establish. A more
realistic diffusion model would result in a much smaller
maximum proton energy, probably leading to a cutoff in the
produced neutrino spectrum below 10 TeV.

4.1. Comparison to Previous Works

To compare our results with those in the previous literature,
we consider a case with the proton spectral index of
ΓCR= 2.3, counting only the gamma-ray flux from π0 decay,
and employ the EBL model given by Stecker et al. (2006),
which are adopted in WLI and WLII. The result is shown in
Figure 7. Our gamma-ray flux is several times lower than that
obtained in WLI. This would be partly because they
extrapolated an R−2 profile for the gas density down to the
smallest radius. Such a profile leads to the injection of a huge
amount of protons and a high pp collision efficiency. Also, it
seems that their 1 GeV gamma-ray luminosity exceeds that of
the kinetic luminosity of the wind at early stages. Our work
takes into account the proton cooling due to inelastic
collisions and adiabatic losses. Whereas the light curve in
WLII decreases with time at early stages (see Figure 2
in WLII), we expect that it is rather flat when the system is
calorimetric in high-density regions and the injection of
cosmic rays is supposed to be constant (see the previous
section and discussions in Lamastra et al. 2017). There is also
a difference in the gamma-ray spectral shape between our
result and that in WLI and WLII. In our calculation, the cutoff
in the gamma-ray flux appears at a higher energy than that
shown in WLI and WLII. The EBL cutoff should be around
10–20 GeV, so the cutoff shown in WLI and WLII should not
be caused by the EBL absorption. We do not show the
neutrino flux since their the neutrino flux shown in WLI

largely deviates from the theoretical expectation for the
relationship between neutrino and gamma-ray fluxes. The
gamma-ray and neutrino fluxes generated in pp collisions
should be roughly comparable at Eγ≈2Eν. The gamma-ray
flux at 1 GeV and all-flavor neutrino flux at 10 TeV have a
difference of ≈(3/2)(20 TeV/1 GeV)2–Γ; 0.08 for an SPL
proton spectrum with ΓCR= 2.3. This agrees with our result
and the result of Lamastra et al. (2017), while the result in
WLI indicates that the neutrino flux at 10 TeV is comparable
to the gamma-ray flux at 1 GeV.
The results of Lamastra et al. (2017) are consistent with ours

in terms of the spectral shapes of gamma-ray and neutrino
emissions. However, their fluxes are about one order of
magnitude larger than ours. Similarly to WLI and WLII,
Lamastra et al. (2017) also extrapolated an R−2 profile for the
gas density to very small radii, making the galactic disk a
proton calorimeter. But since they considered the cooling of the
accelerated protons due to pp collisions, we do not see a large
difference due to this extrapolation. On the other hand, all
the accelerated protons are well confined and expand with the
shock in our calculation, and the adiabatic cooling reduces the
fluxes by a factor of ∼2. In contrast, Lamastra et al. (2017)
assumed that all the protons escape the shock and hence do not
suffer from adiabatic losses. However, in reality, the escaping
protons interact with the uncompressed gas with a smaller
density, and they may also diffuse to a larger radius, where the
gas density is very low. These effects are not considered in
their calculation. If the diffusion coefficient is large, the pp
optical depth can be lowered by a factor of a few. On the other
hand, if the diffusion coefficient is too small, the escaped
protons could be caught up by the shock, implying that they
cannot escape in the first place. Another important cause for the
difference is that the shock expansion in the galaxy occurs for a
short time. According to our calculation, the time that the
forward shock experiences in the galactic disk is much shorter
than the time in the halo. On the other hand, the total lifetime of
AGNs (i.e., the Salpeter time) is about ∼107 yr, which is much
shorter than the age of the galaxy. Thus, for the current

Figure 7. Comparison of our result to the results in the previous literature. An
SPL with an index of ΓCR = 2.3 and the EBL model provided by Stecker et al.
(2006) are employed. The gamma-ray contribution from electromagnetic
cascades is not considered. The blue curves with downward-pointing arrows
present the upper limits for gamma-ray and neutrino fluxes when the 95% C.L.
of the IGRB data is not violated. The yellow hatched region (dashed curve) is
the gamma-ray (neutrino) flux obtained by WLI, while the green hatched
region (dashed curve) is the gamma-ray (neutrino) flux obtained by Lamastra
et al. (2017).
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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
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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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L L klog log L0 ,1� x= + k kL L,2
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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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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 regionc, 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 regionb
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
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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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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
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summary
wind external shocks
- fact: widespread existence of powerful, fast or ultrafast
  baryonic(ionic) outflows in AGN, independent of rel. jets
- external shocks potential site of particle acceleration and
  nonthermal emission (in additional to feedback effects)
- neutrino and GeV γ-ray background from pp processes?
  -> contrary to some earlier studies, dominant contribution
      to both unlikely, but possible for >100 TeV neutrinos
- testable with future ν and γ obs. of nearby Seyferts
wind inner regions?
- potentially interesting contribution to IceCube neutrinos,
  work in progress

neutrinos and gamma rays from AGN-driven winds	

- important prospects for ASTRO-H, SKA, JEM-EUSO…	
- UHECRs: IF B~Beq
   - acceleration, number, energetics OK
   - Fe (or p) composition
   - direct consequence of SMBH feedback
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