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Figure 1 | The self-regulated multiphase AGN feeding and feedback cycle. The diagram highlights the three key unification scales

(micro – meso – macro), which cover a geometric increase of roughly three orders of magnitude each. The macro halo is either a galaxy,

group, or cluster and the normalization length is either its virial or Schwarzschild radius (the latter has been directly imaged by the EHT 22

– see the adaptation in the middle left inset). The lower insets show crucial phases of the feeding cycle, in particular the multiphase

condensation rain out of the turbulent X-ray plasma halo and consequent CCA phase growing the central SMBH (adapted from ref 23).

The upper insets capture key phases of the feedback cycle, i.e., the generation of hot X-ray UFOs and collimated relativistic jets, the

entrainment of multiphase ambient gas (or in-situ formation; adapted from refs 21,24), and the final AGN heating deposition via bubbles,

shocks, and turbulence (Perseus image credit: ESA/Hubble Media). The multiphase feeding and feedback processes loop for hundreds of

cycles during the whole Hubble time.
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total thermal energy of the eROSITA bubbles is almost 10 times larger 
than that of the Fermi bubbles.

T h e  o b se r ve d  ave ra ge  X- ray  su r f a ce  b r i g h t n e ss  of 
(2–4) × 10−15 erg cm−2 s−1 arcmin−2 in the eROSITA bubbles (Methods), 
which decreases with Galactic latitude, is in broad agreement with the 
above scenario. The observed surface brightness, integrated over the 
full extent of the eROSITA bubbles, implies a total luminosity of hot 
X-ray-emitting plasma of L ≈ 1 × 1039 erg s−1.

To inflate the eROSITA bubbles, an average luminosity of the order of 
1041 erg s−1 during the past tens of millions of years would be required, 
and could arise from either star-forming or AGN activity in the Galactic 
centre. As discussed above, the arguments in favour of each interpreta-
tion in the context of the Fermi bubbles have been debated extensively. 
In the case of the eROSITA bubbles, the energetics are such that they are 
at the limit of what the past starburst activity at the centre of the Milky 
Way could provide. Alternatively, the eROSITA bubbles could be inflated 
by a period (about 1–2 Myr) of Seyfert-like activity (L ≈ 1043 erg s−1) of 
the central supermassive black hole (Sgr A*). The long cooling time of 
the hot plasma is consistent with such a hypothesis.

The structures seen here are reminiscent of similar effects seen in 
AGN that host rapidly accreting supermassive black holes1. These can 
inject a vast amount of mechanical energy into the ambient gas, as 
revealed by radio-bright bubbles embedded in the X-ray cocoons27. This 
process, known as AGN feedback, is seen in objects ranging from indi-
vidual early-type galaxies, such as Centaurus A28, to massive clusters, 
such as A426 (Perseus)29,30, and is thought to have potentially marked 
effects on the evolution of galaxies. On the other hand, explosions of 
supernova associated with star formation yield kinetic energy of the 
order of 1051 erg per supernova in the ejecta (also known as stellar feed-
back), which may drive an outflow from the central region of a galaxy31. 
M82 provides a good example of the latter mechanism32. The energet-
ics and the most salient features of the observed eROSITA bubbles are 
such that neither of the two mechanisms could be excluded a priori.

Irrespective of the specific source of energy, our results cor-
roborate the notion that inactive disk galaxies, such as the Milky 

Way, have hot plasma in their haloes that is highly perturbed by 
activity in their disks, demonstrating the presence of a feedback 
mechanism in apparently quiescent galaxies. Galaxies are thought 
to grow via the slow recondensation of the hot halo plasma, which 
was shock-heated during the collapse of the dark-matter halo33. 
The cooling time of the hot plasma in the halo is comparable to 
the Hubble time, so the process of growing a galaxy is assumed 
to be steady (apart from mergers) and slow. Here we have direct 
evidence of the re-heating of such plasma, to considerable heights 
above the Galactic disk.

The detection of these X-ray bubbles was enabled by the combined 
capabilities of the eROSITA instrument and the Spektr-RG mission 
profile. More detailed analysis following accurate calibration of the 
instrument, substantial increases in data quality from the ongoing sky 
survey and follow-up observations in other parts of the electromagnetic 
spectrum will reveal further details of the properties of the eROSITA 
bubbles and the implications for the structure and evolution of galax-
ies, including the Milky Way.
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Fig. 3 | Comparison of the morphology of the γ-ray and X-ray bubbles.  
A composite Fermi–eROSITA image is shown. The X-ray extended emission 
revealed by eROSITA (0.6–1-keV band; cyan) encloses the hard component of 

the extended gigaelectronvolt emission traditionally referred to as Fermi 
bubbles (red; Fermi map adapted from ref. 35), unequivocally establishing their 
close relation.
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Figure 1. Integrated line intensity (moment-0) maps for SDSS J1356+1026 in CO (1–0) (left) and CO (3–2) (right) are shown in color. These moment-0 maps are
integrated over a velocity range of −300 to +300 km s−1. The 1σ noise level is 0.15 Jy beam−1 km s−1 and 0.16 Jy beam−1 km s−1 for CO (1–0) and CO (3–2),
respectively. The beam ellipse is shown in the lower left corner. Contours show the intensity of optical emission as seen in the HST/WFC3 F814W I-band images and
are spaced by a factor of two in intensity. The bold letters in the left panel indicate the three major components, the N/S nucleus and the W arm. The CO emission
is most prominent at the N nucleus and the W arm 2′′ to the west of the N nucleus. Emission at the S nucleus is also detected in CO (1–0) in certain channels, see
Figure 3. The red clump at the bottom of the CO (1–0) map is noise at the 3σ level. The green region marks the ionized outflow, and the magenta region is its base.
There is no detection of a CO counterpart to the extended (10 kpc) ionized [O iii] outflow. The red line across the N nucleus on the right panel indicates the pv diagram
cut (Figure 7).
(A color version of this figure is available in the online journal.)

to investigate the relation between the molecular gas and the
ionized outflow.

Throughout, we assume h = H0/100 km s−1 Mpc−1 =
0.7, Ωm = 0.3, and ΩΛ = 0.7. At the redshift of the object
(z = 0.1231), 1′′ corresponds to 2.2 kpc, and the luminosity
distance is 580 Mpc. All velocities used in this paper are in
the heliocentric frame using the optical velocity convention.
Wavelengths are expressed in vacuum.

1.1. SDSS J1356+1026

SDSS J1356+1026 is a merging system at z = 0.123
classified as a luminous obscured (Type 2) quasar with a
bolometric luminosity Lbol ≈ 1046 erg s−1 inferred from the
[O iii] luminosity, L[O iii] = 1042.77 erg s−1 (Greene et al. 2009;
Liu et al. 2009). It is also an ultra-luminous infrared galaxy
(ULIRG; LFIR = 2.68 ± 0.53 × 1045 erg s−1). The radio
continuum is unresolved with a luminosity density of νLν =
3.4×1040 erg s−1 from the Very Large Aray Faint Images of the
Radio Sky at Twenty-centimeters (FIRST) survey at 1.4 GHz
(1.6 GHz rest frame), indicating that it is a radio-quiet quasar
(Greene et al. 2012). The coordinate of SDSS J1356+1026 is
(13:56:46.10, +10:26:09.09).

The two merging galaxies, which we refer to as the northern
(N) and southern (S) nuclei, are separated by 2.5 kpc (1.′′1).
The N nucleus is detected at 2–10 keV and is the primary
AGN host in the system (Greene et al. 2014). Both the total
molecular mass (Section 3.3) and the r-band light (Greene
et al. 2009) are dominated by the northern nucleus, with a
ratio of ∼4 : 1 (N:S). The progenitor of the northern galaxy
is likely a moderately massive early-type galaxy, with a stellar
spectrum that is dominated by an old stellar population and

a stellar velocity dispersion σ∗ = 206 ± 36 km s−1 (Greene
et al. 2009), corresponding to a stellar mass M∗ ≈ 1011 M'
(Hyde & Bernardi 2009), and the BH mass is estimated to be
MBH ≈ 3 × 108 M' (±0.38 dex, McConnell & Ma 2013).
The corresponding Eddington luminosity is LEdd = 3.1 ×
1046 erg s−1 (±0.38 dex), which yields an Eddington ratio range
of 0.1–1, energetic enough to drive a hot wind (e.g., Veilleux
et al. 2005).

The most spectacular feature of this system is an [O iii]-
emitting bubble extending ∼10 kpc to the south of the nuclei
(green region in Figure 1), with a weaker symmetric counterpart
to the north. Long-slit spectroscopy along the outflow reveals
the distinctive double-peaked spectrum of an expanding shell.
A simple geometric model yields a deprojected velocity v ≈
1000 km s−1, a dynamical time tdyn ≈ 107 yr, and a kinetic
luminosity Ė ≈ 1044−45 erg s−1 (Greene et al. 2012). As the
radio emission is compact and faint (Sections 3.1 and 5.2.2),
and the star formation rate (SFR) is low (Sections 3.3 and 3.4),
this ionized outflow provides a strong case for a quasar-driven
wind (Greene et al. 2014).

2. OBSERVATIONS

2.1. ALMA CO (1–0) and CO (3–2) Observations

The ALMA CO (1–0) and CO (3–2) observations were
conducted during Cycle 0 and Cycle 1 under project codes
2011.0.00652.S and 2012.1.00797.S, respectively. The CO
(1–0), at sky frequency 102.6 GHz, was observed in Band 3
in two blocks on 2012 May 9 and July 30, using 16 and 23
12 m antennae for 68 and 63 minutes, respectively (27 and
24 minutes on-source). The CO (3–2) at 307.9 GHz was
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3.2. Absorption lines search

We carried out a blind search for absorption features in the
4−10 keV band looking at the deviations in the ∆χ2 with respect
to the baseline model. We applied a technique for the search and
visualization of features in the data similar to the widely used
contour plot method for the determination of the error contours
of spectral features in the energy-intensity plane (e.g., Miniutti
& Fabian 2006; Miniutti et al. 2007; Cappi et al. 2009). This
calculation has been carried out as follows: 1) we fitted the
3.5−10.5 keV data with the baseline model (without any absorp-
tion line) and stored the resulting χ2 value; 2) we then added
a further narrow (unresolved, σ = 10 eV) Gaussian line to the
model and searched for the presence of both emission and ab-
sorption features by making a series of fits stepping the line en-
ergy in the 4−10 keV band at intervals of 100 eV and its nor-
malization in positive or negative values, each time storing the
new χ2; 3) in this way we derived a grid of χ2 values and then
made a plot of the contours with the same ∆χ2 level relative
to the baseline model fit. These levels are ∆χ2 = −2.3, −4.61
and −9.21, which can be translated using the F-test in statisti-
cal confidence levels for the addition of two more parameters of
68%, 90% and 99%, respectively. Even if we were mainly in-
terested in the 7−10 keV band, we performed this check on the
whole 4−10 keV interval in order to have a general view of the
Fe K band.

In Fig. 3 we report the case of the first observation of
PG 1211+143 (obs. 0112610101). This example illustrates the
procedure used for the search of blue-shifted absorption lines,
going from the actual spectral data modeling to the contour
plots. The ratios against a simple (absorbed, if required) power-
law continuum and the contour plots with respect to the base-
line models for each XMM-Newton observation are displayed in
Appendix C.

It should be noted that the negative ∆χ2 values with respect
to the baseline model indicate that a better fit would be reached
with the inclusion of a line, reducing the χ2 value. In fact, the
relative confidence levels do not depend on the ∆χ2 sign but
only on its absolute value. This method is similar to the one
obtained with the steppar command in XSPEC, but in this way
the contours are inverted, which means that inner contours in-
dicate higher significance than the outer ones. This is indeed a
powerful technique to visualize the presence of spectral struc-
tures in the data and simultaneously have an idea of their energy,
intensity and confidence levels. However, it gives only a semi-
quantitative indication and the absorption line parameters have
been then determined by a direct spectral fitting.

Therefore, the blind line search was performed as follows:
1) we considered the 3.5−10.5 keV spectrum and fitted it with
a simple power-law continuum model; 2) we checked for the
presence of continuum curvature at energies below ∼6 keV due
to intrinsic neutral/mildly-ionized absorption and approximated
this component with zwabs in XSPEC; 3) we looked at the spec-
tral ratios, included the almost ubiquitous narrow Fe Kα emis-
sion line at E # 6.4 keV and calculated the contour plots
using this intermediate model; 4) then, we adopted an itera-
tive process at each step adding further narrow ionized emis-
sion lines (E # 6.4−7 keV) if required by the data at more
than 99% with the F-test (this corresponds to ∆χ2 ≥ 9.21 for
two additional model parameters) and checked for the presence
of possible blue-shifted absorption lines in the relative contour
plots; 5) if there was evidence for a possible absorption fea-
ture at E > 6.4 keV with confidence level ≥99% in the con-
tour plots, we checked for the presence of other intense ionized
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Fig. 3. Panel 1: EPIC pn spectrum of PG 1211+143 (obs. 0112610101)
fitted with a simple absorbed power-law model in the 4−10 keV band;
Panel 2: ∆χ2 residuals; Panel 3: confidence contour plot with respect to
the simple absorbed power-law model (68% (red), 90% (green), 99%
(blue) levels); Panel 4: contour plot after the inclusion of the Gaussian
emission line in the model. The blue-shifted absorption line at the ob-
served energy of ∼7 keV is clearly visible with high significance. The
contours in black (calculated with ∆χ2 = +0.5) indicate the baseline
model reference level.

Fe K emission lines in the interval E # 6.4−7 keV that could
influence the absorption line parameters. If further ionized emis-
sion lines were present, we included them in the baseline model,
calculated again the energy-intensity contour plot using this re-
fined baseline model and checked if the absorption feature with
≥99% confidence contours was still present. Otherwise, if there
was no evidence for further ionized emission lines, we stopped
the process here, reported the baseline model in Table A.2 and
parameterized the absorption line with an inverted Gaussian,
with width fixed to either 10 eV or 100 eV depending on the
higher χ2 improvement; 6) if there was no evidence for blue-
shifted absorption features we did not include additional emis-
sion lines besides the neutral Fe Kα and directly reported the
baseline model in Table A.2.
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3.2. Absorption lines search

We carried out a blind search for absorption features in the
4−10 keV band looking at the deviations in the ∆χ2 with respect
to the baseline model. We applied a technique for the search and
visualization of features in the data similar to the widely used
contour plot method for the determination of the error contours
of spectral features in the energy-intensity plane (e.g., Miniutti
& Fabian 2006; Miniutti et al. 2007; Cappi et al. 2009). This
calculation has been carried out as follows: 1) we fitted the
3.5−10.5 keV data with the baseline model (without any absorp-
tion line) and stored the resulting χ2 value; 2) we then added
a further narrow (unresolved, σ = 10 eV) Gaussian line to the
model and searched for the presence of both emission and ab-
sorption features by making a series of fits stepping the line en-
ergy in the 4−10 keV band at intervals of 100 eV and its nor-
malization in positive or negative values, each time storing the
new χ2; 3) in this way we derived a grid of χ2 values and then
made a plot of the contours with the same ∆χ2 level relative
to the baseline model fit. These levels are ∆χ2 = −2.3, −4.61
and −9.21, which can be translated using the F-test in statisti-
cal confidence levels for the addition of two more parameters of
68%, 90% and 99%, respectively. Even if we were mainly in-
terested in the 7−10 keV band, we performed this check on the
whole 4−10 keV interval in order to have a general view of the
Fe K band.

In Fig. 3 we report the case of the first observation of
PG 1211+143 (obs. 0112610101). This example illustrates the
procedure used for the search of blue-shifted absorption lines,
going from the actual spectral data modeling to the contour
plots. The ratios against a simple (absorbed, if required) power-
law continuum and the contour plots with respect to the base-
line models for each XMM-Newton observation are displayed in
Appendix C.

It should be noted that the negative ∆χ2 values with respect
to the baseline model indicate that a better fit would be reached
with the inclusion of a line, reducing the χ2 value. In fact, the
relative confidence levels do not depend on the ∆χ2 sign but
only on its absolute value. This method is similar to the one
obtained with the steppar command in XSPEC, but in this way
the contours are inverted, which means that inner contours in-
dicate higher significance than the outer ones. This is indeed a
powerful technique to visualize the presence of spectral struc-
tures in the data and simultaneously have an idea of their energy,
intensity and confidence levels. However, it gives only a semi-
quantitative indication and the absorption line parameters have
been then determined by a direct spectral fitting.

Therefore, the blind line search was performed as follows:
1) we considered the 3.5−10.5 keV spectrum and fitted it with
a simple power-law continuum model; 2) we checked for the
presence of continuum curvature at energies below ∼6 keV due
to intrinsic neutral/mildly-ionized absorption and approximated
this component with zwabs in XSPEC; 3) we looked at the spec-
tral ratios, included the almost ubiquitous narrow Fe Kα emis-
sion line at E # 6.4 keV and calculated the contour plots
using this intermediate model; 4) then, we adopted an itera-
tive process at each step adding further narrow ionized emis-
sion lines (E # 6.4−7 keV) if required by the data at more
than 99% with the F-test (this corresponds to ∆χ2 ≥ 9.21 for
two additional model parameters) and checked for the presence
of possible blue-shifted absorption lines in the relative contour
plots; 5) if there was evidence for a possible absorption fea-
ture at E > 6.4 keV with confidence level ≥99% in the con-
tour plots, we checked for the presence of other intense ionized
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Fig. 3. Panel 1: EPIC pn spectrum of PG 1211+143 (obs. 0112610101)
fitted with a simple absorbed power-law model in the 4−10 keV band;
Panel 2: ∆χ2 residuals; Panel 3: confidence contour plot with respect to
the simple absorbed power-law model (68% (red), 90% (green), 99%
(blue) levels); Panel 4: contour plot after the inclusion of the Gaussian
emission line in the model. The blue-shifted absorption line at the ob-
served energy of ∼7 keV is clearly visible with high significance. The
contours in black (calculated with ∆χ2 = +0.5) indicate the baseline
model reference level.

Fe K emission lines in the interval E # 6.4−7 keV that could
influence the absorption line parameters. If further ionized emis-
sion lines were present, we included them in the baseline model,
calculated again the energy-intensity contour plot using this re-
fined baseline model and checked if the absorption feature with
≥99% confidence contours was still present. Otherwise, if there
was no evidence for further ionized emission lines, we stopped
the process here, reported the baseline model in Table A.2 and
parameterized the absorption line with an inverted Gaussian,
with width fixed to either 10 eV or 100 eV depending on the
higher χ2 improvement; 6) if there was no evidence for blue-
shifted absorption features we did not include additional emis-
sion lines besides the neutral Fe Kα and directly reported the
baseline model in Table A.2.
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• UFOs have been found in both radio-load and radio-quiet AGN 
through X-ray observations (Suzaku, XMM-Newton).


• They are identified from blueshifted Fe K-shell absorption lines 
around E >~ 7 keV


• electron shells => principal quantum numbers: (n=1,2,3…) or 
(K,L,M,…)


• K-shell electrons are innermost electrons most tightly bound

• K-shell binding energy for Fe: 7.1 keV (for hydrogen: 13.6 eV)

• The most intense atomic transitions expected in the 4-10 keV 

interval are the inner K-shell resonances of iron, and in 
particular 1s-2p. The energy of this transition depends on the 
ionization state of iron
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Figure 5. Chandra HETGS spectrum for PG1211+143 fit with the xstar warmabs model (see Table 5). The lower panel plots the χ2

residuals between the observation and the model.

tools. Table 4 lists the parameters used for producing
xstar model grids. To cover the possible range of
physical conditions, we initially considered a large range
of gas densities n from 108 to 1014 cm−3, column densities
NH from 1018 to 1025 cm−2, ionization parameters ξ
from 10−2 to 105 erg cm s−1, and turbulent velocities of
100–500 km s−1, for use in spectral fitting.
We computed a grid of 15 × 29 xstar models on the

two-dimensional NH–ξ plane, sampling the fundamental
parameter space with 15 logarithmic intervals in the
column density (from logNH = 18 to 25 cm−2 with the
interval size of 0.5) and 29 logarithmic intervals in the
ionization parameter (from log ξ = −2 to 5 erg cm s−1

with the interval size of 0.25), assuming a gas density
of n = 1012 cm−3. For diagnostic purposes, we have
initially constructed some grids with the same NH–ξ
parameter space for logn = 8–14 cm−3 (interval size of
1), and vturb = 100–500km s−1 (interval size of 100).
However, we found that results were indistinguishable
for this wide range of the gas density in highly-ionized
absorbers. Hereafter, all xstar models correspond to a
gas density of n = 1012 cm−3.
The turbulent velocity is another important parameter

in photoionization modeling. An increase in the
turbulent velocity increases the equivalent width of an
absorption line for a given column density of each ion.
To estimate equivalent widths correctly, the velocity
width, which is associated with line broadening, must be
measured precisely. The high spectral resolution of MEG
and HEG data allows for the possibility of determining
the velocity width. However, due to insufficient counts,
our HETGS observations pointed to a wide range of
velocity widths with high uncertainties, so we could not
measure the exact value of vturb for each ion. From
the line width measurements (see Table 3), we adopted
a velocity turbulence of vturb = 200 km s−1 for the
warm absorber, which approximately corresponds to the
HETGS optimal spectral resolution.
We proceeded to fit the combined MEG and HEG

data shown in Figure 5, multiplying our continuum
model by the xstar tabulated grids produced from
the ionizing SEDs in § 5.1. There are a total of two
free parameters in the tabulated grid fitting, namely,
the ionization parameter ξ and column density NH
of the ionized absorber. Using the base continuum
model described in § 4.1, the model for the spectra

8

• Danehkar+18

• Quasar PG 1211+143

• Chandra High Energy Transmission Grating Spectrometer

• Detection of complex absorption lines from H-like and He-like ions of Ne, Mg, and Si confirming the presence of a UFO



UFOs
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X-ray

A&A 521, A57 (2010)

3.2. Absorption lines search

We carried out a blind search for absorption features in the
4−10 keV band looking at the deviations in the ∆χ2 with respect
to the baseline model. We applied a technique for the search and
visualization of features in the data similar to the widely used
contour plot method for the determination of the error contours
of spectral features in the energy-intensity plane (e.g., Miniutti
& Fabian 2006; Miniutti et al. 2007; Cappi et al. 2009). This
calculation has been carried out as follows: 1) we fitted the
3.5−10.5 keV data with the baseline model (without any absorp-
tion line) and stored the resulting χ2 value; 2) we then added
a further narrow (unresolved, σ = 10 eV) Gaussian line to the
model and searched for the presence of both emission and ab-
sorption features by making a series of fits stepping the line en-
ergy in the 4−10 keV band at intervals of 100 eV and its nor-
malization in positive or negative values, each time storing the
new χ2; 3) in this way we derived a grid of χ2 values and then
made a plot of the contours with the same ∆χ2 level relative
to the baseline model fit. These levels are ∆χ2 = −2.3, −4.61
and −9.21, which can be translated using the F-test in statisti-
cal confidence levels for the addition of two more parameters of
68%, 90% and 99%, respectively. Even if we were mainly in-
terested in the 7−10 keV band, we performed this check on the
whole 4−10 keV interval in order to have a general view of the
Fe K band.

In Fig. 3 we report the case of the first observation of
PG 1211+143 (obs. 0112610101). This example illustrates the
procedure used for the search of blue-shifted absorption lines,
going from the actual spectral data modeling to the contour
plots. The ratios against a simple (absorbed, if required) power-
law continuum and the contour plots with respect to the base-
line models for each XMM-Newton observation are displayed in
Appendix C.

It should be noted that the negative ∆χ2 values with respect
to the baseline model indicate that a better fit would be reached
with the inclusion of a line, reducing the χ2 value. In fact, the
relative confidence levels do not depend on the ∆χ2 sign but
only on its absolute value. This method is similar to the one
obtained with the steppar command in XSPEC, but in this way
the contours are inverted, which means that inner contours in-
dicate higher significance than the outer ones. This is indeed a
powerful technique to visualize the presence of spectral struc-
tures in the data and simultaneously have an idea of their energy,
intensity and confidence levels. However, it gives only a semi-
quantitative indication and the absorption line parameters have
been then determined by a direct spectral fitting.

Therefore, the blind line search was performed as follows:
1) we considered the 3.5−10.5 keV spectrum and fitted it with
a simple power-law continuum model; 2) we checked for the
presence of continuum curvature at energies below ∼6 keV due
to intrinsic neutral/mildly-ionized absorption and approximated
this component with zwabs in XSPEC; 3) we looked at the spec-
tral ratios, included the almost ubiquitous narrow Fe Kα emis-
sion line at E # 6.4 keV and calculated the contour plots
using this intermediate model; 4) then, we adopted an itera-
tive process at each step adding further narrow ionized emis-
sion lines (E # 6.4−7 keV) if required by the data at more
than 99% with the F-test (this corresponds to ∆χ2 ≥ 9.21 for
two additional model parameters) and checked for the presence
of possible blue-shifted absorption lines in the relative contour
plots; 5) if there was evidence for a possible absorption fea-
ture at E > 6.4 keV with confidence level ≥99% in the con-
tour plots, we checked for the presence of other intense ionized
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Fig. 3. Panel 1: EPIC pn spectrum of PG 1211+143 (obs. 0112610101)
fitted with a simple absorbed power-law model in the 4−10 keV band;
Panel 2: ∆χ2 residuals; Panel 3: confidence contour plot with respect to
the simple absorbed power-law model (68% (red), 90% (green), 99%
(blue) levels); Panel 4: contour plot after the inclusion of the Gaussian
emission line in the model. The blue-shifted absorption line at the ob-
served energy of ∼7 keV is clearly visible with high significance. The
contours in black (calculated with ∆χ2 = +0.5) indicate the baseline
model reference level.

Fe K emission lines in the interval E # 6.4−7 keV that could
influence the absorption line parameters. If further ionized emis-
sion lines were present, we included them in the baseline model,
calculated again the energy-intensity contour plot using this re-
fined baseline model and checked if the absorption feature with
≥99% confidence contours was still present. Otherwise, if there
was no evidence for further ionized emission lines, we stopped
the process here, reported the baseline model in Table A.2 and
parameterized the absorption line with an inverted Gaussian,
with width fixed to either 10 eV or 100 eV depending on the
higher χ2 improvement; 6) if there was no evidence for blue-
shifted absorption features we did not include additional emis-
sion lines besides the neutral Fe Kα and directly reported the
baseline model in Table A.2.
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X-ray

XMM-Newton

• UFOs have been found in both radio-load and radio-quiet AGN 
through X-ray observations (Suzaku, XMM-Newton).


• They are identified from blueshifted Fe K-shell absorption lines 
around E >~ 7 keV


• electron shells => principal quantum numbers: (n=1,2,3…) or 
(K,L,M,…)


• K-shell electrons are innermost electrons most tightly bound

• K-shell binding energy for Fe: 7.1 keV (for hydrogen: 13.6 eV)

• The most intense atomic transitions expected in the 4-10 keV 

interval are the inner K-shell resonances of iron, and in 
particular 1s-2p. The energy of this transition depends on the 
ionization state of iron


• softer X-rays: all elements lighter than Fe completely ionized

• harder X-rays: instrumental resolution and S/N 

Tombesi+10

PG 1211+143

Observed frame

MAIN PHYSICAL PARAMETERS:


• column density ~ 10^22 - 10^24 cm^-2

• ionization = L/n/r^2 ~ 10^4.2 erg s^-1 cm

• velocity ~ 0.1c

• mass outflow ~ 0.01-1 M_sun/yr

• kinetic power ~ 10^42-10^45 erg/s

• radius: observable at sub-parsec scales from the SMBH

• related to accretion disk winds/outflows



Gamma-rays from UFOs

7

• The outflowing gas should interact with the interstellar medium, generating shock waves, which 
will accelerate cosmic rays via diffuse shock acceleration, similar to SNRs.


• Potential to discover new gamma-ray source class.

• UFOs likely play a significant role in different feedback processes, including the co-evolution 

of a galaxy and its central SMBH, as well as the cold outflows observed on galactic scales 

• UFOs may contribute to the EGB and the IceCube neutrino flux.  

X-ray

γ-ray

Fermi-LAT



UFO Sample

• UFOs in the local Universe are predicted to have a gamma-ray luminosity of ~1e39-1e40 erg/s, which puts them below 
the LAT sensitivity, and is why the haven’t been detected yet


• We therefore use a stacking technique to analysis the UFOs as a population. 

• Our sample consists of 11 radio-quiet UFO sources with z < 0.1 and v > 0.1c.

8

NGC 7582 NGC 4151 Ark 120 MCG 5-23-16

PG1211+143

Mrk 509

NGC 4507 NGC 5506 Mrk 290

SW J2127.4+5654 MR 2251-178

Table S1: UFO Source Sample

Name RA
[�]

DEC
[�]

Type Redshift
[z]

Velocity
[v/c]

logMBH

[M�]
logĖMin

K
[erg s�1]

logĖMax

K
[erg s�1]

logLBol

[erg s�1]

Flux 95% UL
(⇥10�11)

[ph cm�2 s�1]

Ark 120a,c 79.05 �0.15 Sy1 0.033 0.27 8.2 ± 0.1 > 43.1 46.2 ± 1.3 45.0f 7.53
44.2h

44.6
MCG-5-23-16a,c 146.92 �30.95 Sy2 0.0084 0.12 7.6 ± 1.0 42.7 ± 1.0 44.3 ± 0.2 44.1k 4.27
NGC 4151a,c 182.64 39.41 Sy1 0.0033 0.105 7.1 ± 0.2 >41.9 43.1 ± 0.5 44.1g 10.6

42.9h

43.9i

42.9j

43.2j*

43.4
PG 1211+143a,c 183.57 14.05 Sy1 0.081 0.13 8.2 ± 0.2 43.7 ± 0.2 46.9 ± 0.1 45.7f 3.70

44.8h

44.7j

45.0j*

45.1
NGC 4507a,c 188.90 �39.91 Sy2 0.012 0.18 6.4 ± 0.5 > 41.2 44.6 ± 1.1 44.3e 3.42
NGC 5506b,d 213.31 �3.21 Sy1.9 0.006 0.25 7.3 ± 0.7 43.3 ± 0.1 44.7 ± 0.5 44.3e 6.42
Mrk 290a,c 233.97 57.90 Sy1 0.030 0.14 7.7 ± 0.5 43.4 ± 0.9 45.3 ± 1.2 44.4e 4.54
Mrk 509a,c 311.04 �10.72 Sy1 0.034 0.17 8.1 ± 0.1 >43.2 45.2 ± 1.0 45.2e 9.52

44.3h

45.3i

44.3j

44.5j*

44.7
SWIFT J2127.4+5654b,d321.94 56.94 Sy1 0.014 0.23 ⇠7.2 42.8 ± 0.1 45.6 ± 0.5 44.5d 9.14
MR 2251-178b,d 343.52 �17.58 Sy1 0.064 0.14 8.7 ± 0.1 43.3 ± 0.1 46.7 ± 0.7 45.8f 7.41
NGC 7582a,c 349.60 �42.37 Sy2 0.0052 0.26 7.1 ± 1.0 43.4 ± 1.1 44.9 ± 0.4 43.3e 4.74

Note: Our sample is comprised of 11 sources with z < 0.1 and v > 0.1c. The first superscript
on the source name indicates the reference for the detection, and the second superscript in-
dicates the reference for the UFO parameters (columns 6 � 9). Values for the bolometric
luminosity (LBol) are taken from the literature, with the reference indicated by the super-
script. For sources with numerous determinations we also give the mean value in boldface
text, which we use for calculating the sample mean and median. The �-ray flux (1 � 800
GeV) upper limit (UL) is calculated at the 95% confidence level, using a photon index of
-2.0. a (16); b (18); c (17); d (15); e (42); f (43); g (44); h (45); i (46); j (47, 5100 Å flux
density); j* (47, 1450 Å flux density); k (48).
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Analysis Procedure

1. Preprocessing


• Optimize ROI for each source 
using a binned likelihood 
analysis.  


• Model consists of: Galactic 
diffuse, isotropic, point sources, 
and target source modeled with 
a power law. 


2. Stacking


• Construct likelihood (TS) 
profiles for each source by 
iterating through index and flux


• Only free parameters in 
likelihood fit are Galactic 
diffuse and isotropic


• Sum TS profiles for all sources 
to obtain global significance of 
signal

9

log(L) = log(L1L2) = logL1 + logL2 , where L(θ |X) = P(X |θ)

TS = − 2(logL0 − logL)

• Using Fermipy v0.19.0 
• Ran on Clemson University HPC (Palmetto) 
• Stacking code based on the codes of Marco Ajello, Vaidehi Paliya and Abhishek Desai  
• Successfully employed for EBL, extreme blazars, star-forming galaxies.
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Results

2.1 ± 0.3
2.51+1.47

−0.93 × 10−11 ph cm−2 s

• Benchmark sample

• Max TS: 30.1 (5.1 sigma for 2 dof)

• Best index =

• Best flux =

• We show that the gamma-ray emission observed in the UFOs is a factor of ~40 larger than what we 
would expect for star-formation activity.


• We also show that it’s highly unlikely the UFO emission results from weak jets.

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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• Control sample

• Max TS: 1.1 
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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
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Results

• Scaling of the gamma-ray luminosity as a function of bolometric luminosity

Prelim
inary

ϵ =
Lγ

LBol
= 3.2+1.6

−1.5 × 10−4



UFO Model 
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• We model the 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.

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).

7

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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Summary
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• The UFO population is detected with a TS = 30.1 (5.1 sigma for 2 dof)

• Best-fit index = 2.1 +/- 0.3


• Best-fit flux = 


• The gamma-ray emission scales with the bolometric luminosity


• Best-fit efficiency = 


• Under the assumption that the emission results from diffuse shock acceleration, akin to 
SNRs, the UFO signal implies that the shock front travels ~20-300 pc from the SMBH.


• UFOs may be plausible contributors to the EGB and IceCube neutrino flux.

• Paper available on arXiv: 2105.11469

2.51+1.47
−0.93 × 10−11 ph cm−2 s

3.2+1.6
−1.5 × 10−4

Thank you!
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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).

7

UFO SED (model details) 

• We model the hadronic emission resulting from diffusive shock acceleration.

• The instantaneous proton spectrum is calculated with the Cosmic Ray Analytical Fast Tool (CRAFT).

• To model the cumulative proton spectrum we use the hydrodynamic model for the shock evolution 

calculated in Liu+18.

• The gas density model is tuned to the sample BH masses and velocity dispersions. 

• The gamma-ray spectrum is calculated from the cumulative proton spectrum using the radiative 

processes code naima. 

• We also estimate the UFO leptonic emission (sub-dominant). 

• The magnetic field, for example (Liu+18), can be defined as

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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B = [12πϵBnsg(R)kTsg(R)]1/2, where Tsg = 3mpvs(R)2/16k


