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MOTIVATION

A class of hadronic accelerators can explain the 3 backgrounds

« However, blazars and star-forming galaxies are nearly ruled out®
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BEURCES OF GAMMA A

» 4FGL-DR3 contains 6658 gamma-ray sources !

» |etted sources: blazars, radio galaxies and
GRBs

- Cosmic-ray sources: pulsars, supernova
remnants, stellar clusters, novae and star-
forming galaxies




Outflows at Different Scales
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Can also be driven
by starbursts
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BH winds are driven by radiation Detected in ~50-65% of AGN in
pressure or MHD processes the nearby Universe
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Outflow types: momentum-driven, energy-driven Sun+14
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Schematic of an AGN driven outflow (Zubovas & King, 2014)




DL TRA-FAS|T OUTFLC VS

» UFOs are detected via blue-shifted Fe K-shell absorption lines in a large

fraction (~30%) of nearby RL and RQ AGN (Reeves+03, Tombesi+ 10,
Gofford+ 1 3)

» Material is highly ionized and fast (v~0.1¢)
» Mass outflow rate: 0.01-1 M@/yr
» Kinetic power: 107 erg/s

- It may be a wind launched at the accretion disk scale i A

- AGN winds predicted to be (weak) gamma-ray and neutrino emitters (VWang
B b 06 |amastra et al 2017, Liu et al. 2018, etc)



i E St EC TON - U

» The predicted gamma-ray luminosity of ~ 0% erg/s makes them
Sl io0 falnt to be detected by the LAT

- cose the | | RO UFOs that have z<0.| and v=0.l¢
flieiioesi 10 Gotlord= | 3)

B s ol Fermi-LAT data, none of them are detected
individually
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B O KING ANALYSIS OF FERMI-LATEEEEEE

- Stacking = simultaneous fit to the
Pictorial

representation

gamma-ray data of the | | sources to
determine best-fit index and flux

- We evaluate the hypothesis of
whether the population can be
characterized by an average index and

flux

- We use data in the [-800 GeV range |

Stacking used for EBL, star-forming galaxies, extreme HBLs (Abdollahi+ |8, Ajello+20, Paliya+19)



STACKING R

Emission of UFOs detected at the
~5.20 level

Bestfit index = 2.1 (+/-0.3)

Best-fit flux =2.51 (+1.47/-0.93)e-11 ph
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N ROL SAMPLE & T Es

« No emission detected in control sample (AGN with no
LR iom Tombesi+ 10/12 and lgo+20)

r1.0

0.8

¢ LiiloIon detected also in the UFO sample lgo et al. 2020

Photon Index

« UFO Emission is a factor x40 brighter than what

expected from star-forming activity

- Objects are all radio quiet by selection

10713 10712 1011 10710 1079
v-Ray Flux [ph cm? s71]



More Luminous AGN are brighter
in gamma rays

TS
Photon Index
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Stacking in bins of bolometric luminosity

Photon Index

10°* 10* 104! 10 104

10 104 104 104 104
y-Ray Luminosity [erg s™!]
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Figure 4. Stacked profiles for bins of bolometric luminosity (the mean kinetic power bins are also the same). The left and right panels show the stacking for sources
with bolometric luminosity (or Kinetic power) below and above the average, respectively. The color scale indicates the TS and is set to the maximum value for each
bin. The black plus sign gives the best-fit parameters. The first bin consists of five sources, with a maximum TS of 28.5 (5.00); and the second bin consists of six

sources, with a maximum TS of 9.9 (2.70)
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L ING OF GAMMA-RAY LUM
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« The gamma-ray luminosity scales with the AGN Bolometric luminosity and the UFO Kinetic power

« UFOs transfer 0.04% of their mechanical power to y rays (comparable to SN explosions)

- I.e. UFOs can energize (if sustained for a few million years) a large fraction of the CR population
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SED interpreted as the hadronic emission of a population of CRs accelerated at the shock front

- Leptonic emission would be too faint and too steep to explain the SED

It implies a shock that has traveled (10-200pc) from the SMBH

Estimated maximum proton energy of 107 eV (measured photon energy of ~300 GeV)

& e can contribute to the IceCube neutrinos, but need CTA to detect = | TeV photons

The shock transfers |e56 erg to the bubble of hot plasma in -3 Myr (see e.g. Fermi/eROSITA bubbles)
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BEITERNATIVE INTERPRETATICHS

wan INOUE et al. 2022
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Protons accelerated near the AGN via diffusive shock acceleration
- py from failed AGN wind and AGN emission

pp when the AGN wind collides with the torus



ROLECULAR OU T FLCS

McDaniel, Ajello, Karwin, in .p-rep.




FOLECULAR OU T FLOVES

- Sample of 45 (z<0.2) galaxies with a molecular outflow (Fluetsch et al. 2019)

e O 0)y, CO(2-1) transitions

- Mass outflow rate: |-1500 M@/yr

010-45

- Kinetic power: | erg/s

- After cleaning:

§ e cd ones (NGC 1068, 253, etfc)

£ Undetected objects
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« Sample of 3/ galaxies with a molecular outflow (Fluetsch et al. 2019)

£ O 1-0), CO(2-1) transitions

8 e (leaning: 29 objects at z<0.2

s Mass outflow rate: |

-1500 M@/yr

» Kinetic power: 101" erg/s

Photon Index I
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ROLECULAR OUTFLOVYS e
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FERGY DRIVEN RECHE
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- Signal from galaxies (stars) with outflows in an energy driven regime



CORRELATIOINS

« No correlation between the

gamma-ray emission and the

properties of the outflow or
the AGN

& l=. No sign of direct particle

acceleration by the outflow



CORRELATIONS

2:0

« No correlation between the gamma-ray

emission and the properties of the 2.0

outflow or the AGN
& 1.5

= Ii= 10 sigh of direct particle 1.0

acceleration by the outflow
0.5

« [he gamma-ray luminosity correlates well
with the total IR luminosity (as seen In
star-forming galaxies, e.g. Ajello+2020) < L, ) o ( Lig >

logo (—)/ = [+ alogi| ——— }-




CORRELATIOINS

» No correlation between the gamma-
ray emission with the properties of
the outflow or the AGN

& 10 -jon of direct particle
acceleration by the outflow

» [he gamma-ray luminosity correlates
well with the total IR luminosity

Galaxies with molecular outflows are
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nearly perfect calorimeters
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SUN AR

- First detection of UFOs (Ajello+2021) and Molecular Outflows (McDaniel+2023) at
gamma rays !

« UFOs are directly accelerating CRs, possibly up to 10'” eV (depending on the interpretation)

- they are as efficient as star formation at energize CRs
- they can inflate bubbles
- No evidence of acceleration by Molecular Outflows

- Molecular Outflows are nearly perfect calorimeters
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Figure 5. Stacked profiles for bolometric efficiency (left) and kinetic power efficiency (right). The color
scale indicates the TS and is set to the maximum value. The black plus sign gives the best-fit parameters.
Significance contours (for 2 degrees of freedom) are overlaid on the plot showing the 68%, 90%, and 99%
confidence levels, corresponding to ATS = 2.30, 4.61, and 9.21, respectively.
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