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Figure 6. �-ray luminosity versus bolometric luminosity (left) and kinetic power (right). The black data
points result from stacking in �-ray luminosity, and the uncertainty in the x-axis corresponds to the bin
widths. The grey dash-dot vertical lines show the value used to divide the bins. The solid green line shows
the best-fit resulting from stacking in e�ciency, with the green band showing the 1� confidence level. For
reference, the blue lines show a range of e�ciencies within roughly an order of magnitude of the best fit.
The orange bar in both plots shows the average one-sided uncertainty in individual measurements of AGN
bolometric luminosity (left) and kinetic power (right). In the left panel we also overlay the predicted
e�ciency derived from Liu et al. (2018) (dashed purple line). See text for more details.

iso P8R3 SOURCE V2 v1, respectively), back-613

ground sources from the 4FGL catalog, and614

our test source at the position of the UFO in615

each ROI. The UFO spectral parameters are616

set to be the same as the best-fit values from617

the data, i.e. index = �2.1 and flux = 2.5 ⇥618

10�11 ph cm�2 s�1. For simplicity we use the619

standard event type (evtype= 3), i.e. we do not620

use the four di↵erent PSF event types. The621

data is simulated using the simulate roi func-622

tion from Fermipy. The simulation is created by623

generating an array of Poisson random numbers,624

where the expectation values are drawn from625

the model cube7. Finally, we run our stacking626

pipeline on the simulated data. We recover the627

input values, with a best-fit index of �2.2+0.4
�0.2, a628

best-fit flux of 3.2+1.8
�1.6 ⇥ 10�11 ph cm�2 s�1, and629

a maximum TS of 21.2 (4.2 �). The stacked630

7 More information on generating the simulations is
available at https://fermipy.readthedocs.io/en/latest/
fermipy.html.

profile is shown in Figure 7. Overall the results631

from the simulation are consistent with the real632

data.633

5. ADDITIONAL TESTS634

5.1. Control Sample635

We repeat the analysis with a sample of 20636

low redshift (z < 0.1) radio-quiet AGN that do637

not have UFOs. The sources were selected from638

the samples of Tombesi et al. (2010a) and Igo639

et al. (2020) for which no UFO was found. The640

sample of Tombesi et al. (2010a) is based on ab-641

sorption features, while the sample of Igo et al.642

(2020) uses the excess variance method. Of the643

20 sources in our control sample, there are 10644

sources in common between the two studies, 4645

additional sources from Tombesi et al. (2010a),646

and 6 additional sources from Igo et al. (2020).647

For reference, the list of sources in the control648

sample is given in Table 3. Figure 8 shows that649

the benchmark and control samples are well650

matched in X-ray luminosity and redshift.651

Figure S2: Predicted multiwavelength SED as a function of time. Synchrotron emission (dotted
line), bremsstrahlung emission (dashed line), and emission from ⇡0-decay (solid line) are shown.
Note that inverse-Compton emission is also estimated, but is too faint to appear in this figure.
Also overlaid are the observed �-ray flux as shown in Figure 3 and the average radio upper
limit from Table S2.

yields a velocity dispersion within the bulge of ⇠180 km s�1 in agreement with observations (see404

Table S2) and an abundance of baryons of ⇡0.16, in agreement with the cosmic value ⌦b/⌦M .405

After using CRAFT to calculate the instantaneous proton spectrum at each time step of this406

evolution, the resulting spectra are weighted to account for adiabatic losses and added together407

to produce a cumulative proton spectrum.408

Finally, a �-ray spectrum is calculated from this cumulative proton spectrum using the409

radiative processes code naima (79). The result is an estimate of the cumulative UFO SED at410

every stage of its evolution, as shown in Figure S2.411

We also estimate a cumulative electron spectrum from our proton distribution using the412

formalism in (80) and accounting for the e↵ects of synchrotron losses when weighting instan-413

taneous spectra (see 81). Again using naima, we then estimate the leptonic emission of a414

typical UFO. As shown in Figure S2, the resulting synchrotron emission always falls below the415

measured average radio emission of the galaxies and the inverse-Compton and bremsstrahlung416

emissions are sub-dominant.417

5 Bins of Bolometric Luminosity and Kinetic Power418

The �-ray emission from UFOs is predicted to scale with the kinetic power, and for UFOs the419

kinetic power is typically found to be within ⇠1�5% the bolometric luminosity (although in420

some cases it is found to be as high as ⇠50%). We test these relations by performing the421

stacking in both bins of bolometric luminosity and kinetic power.422
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Figure 4: Light curve of a UFO-powered forward shock moving through a represen-
tative galaxy. The total energy in CRs is shown before and after proton-proton losses are
included (blue dotted and dashed lines, respectively), as is the �-ray luminosity at 1 GeV (red
solid line).
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Figure S8: Stacked profile for our control sample consisting of 20 nearby (z < 0.1)
radio-quiet AGN with no UFOs (i.e. a UFO has been searched for but none has
been detected). No signal is detected, with a maximum TS of 1.1.

our sample follow the L22 GHz/L14�195 keV ⇠ 10�5 trend indicating a contribution to the radio479

luminosity from the hot AGN corona (109). Finally, the analysis of winds and jets in a sample480

of radio-loud AGN provides evidence for a wind-jet bimodality where winds are the strongest481

when jets are the weakest (as measured by the radio-loudness parameter, 110).482

Emission from Star-formation activity483

Star-forming galaxies are known ��ray emitters because of their CR population,484

which is accelerated at the shock fronts of supernova remnants and pulsar wind485

nebulae (111). The ensuing �-ray emission is known to correlate well with the total486

infrared (IR) luminosity (8-1000 µm), which is a tracer of star formation. We find487

that the average total IR luminosity is log(L�) = 10.4 (see Table S2). According to488

the correlation reported in (111) this implies an average �-ray luminosity (>1GeV)489

of 2.2⇥1039 erg s�1. This is about 40 times smaller than the observed luminosity490

and implies that the contamination due to star-formation activity to the signal491

observed in the UFO sample is negligible.492
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• Benchmark sample 
• 11 UFOs with z<0.1 and v>0.1c 
• Max TS: 30.1 (5.1 sigma for 2 dof) 
• Best index = 
• Best flux =

2.1 ± 0.3
2.51+1.47

−0.93 × 10−11 ph cm−2 s

• Control sample 
• Max TS: 1.1  
• Signal also not dominated by star 

formation nor weak jets ϵ =
Lγ

LBol
= 3.2+1.6

−1.5 × 10−4

• Model: hadronic emission resulting from diffusive shock acceleration. 
• On average, the forward shock has traveled 20-300 pc away from the SMBH. 
• The max energy of protons accelerated at the shock is ~10^17 eV, making AGN winds a potential source of CRs beyond 

the knee of the CR spectrum (3e15 eV) and also likely contributors to the EGB and IceCube neutrino flux.

• Efficiency: gamma-ray luminosity 
scales with the bolometric luminosity

Gamma rays from Fast Black-Hole Winds: Executive Summary


