
Publication Year 2016

Acceptance in OA 2021-03-01T16:19:29Z

Title Suppressing star formation in quiescent galaxies with supermassive black hole winds

Authors Cheung, Edmond, Bundy, Kevin, Cappellari, Michele, Peirani, Sébastien, Rujopakarn, Wiphu, 

Westfall, Kyle, Yan, Renbin, Bershady, Matthew, Greene, Jenny E., Heckman, Timothy M., Drory, 

Niv, Law, David R., Masters, Karen L., Thomas, Daniel, Wake, David A., Weijmans, Anne-Marie, 

Rubin, Kate, BELFIORE, FRANCESCO MICHEL CONCETTO, Vulcani, Benedetta, Chen, 

Yan-Mei, Zhang, Kai, Gelfand, Joseph D., Bizyaev, Dmitry, Roman-Lopes, A., Schneider, Donald P.

Publisher's version (DOI) 10.1038/nature18006

Handle http://hdl.handle.net/20.500.12386/30680

Journal NATURE

Volume 533



ar
X

iv
:1

60
5.

07
62

6v
1 

 [a
st

ro
-p

h.
G

A
]  

24
 M

ay
 2

01
6

LETTER
Suppressing star formation in quiescent galaxies
with supermassive black hole winds
Edmond Cheung1 , Kevin Bundy1, Michele Cappellari2, Sébastien Peirani1,3, Wiphu Rujopakarn1,4, Kyle Westfall5, Renbin Yan6,
Matthew Bershady7, Jenny E. Greene8, Timothy M. Heckman9, Niv Drory10, David R. Law11, Karen L. Masters5, Daniel Thomas5,
David A. Wake7,12, Anne-Marie Weijmans13, Kate Rubin14, Francesco Belfiore15,16, Benedetta Vulcani1, Yan-mei Chen17, Kai
Zhang6, Joseph D. Gelfand18,19, Dmitry Bizyaev20,21, A. Roman-Lopes22, & Donald P. Schneider23,24

Quiescent galaxies with little or no ongoing star formationdomi-
nate the galaxy population aboveM∗ ∼ 2× 1010 M⊙, where their
numbers have increased by a factor of∼ 25 sincez ∼ 21–4. Once
star formation is initially shut down, perhaps during the quasar
phase of rapid accretion onto a supermassive black hole5–7, an un-
known mechanism must remove or heat subsequently accreted gas
from stellar mass loss8 or mergers that would otherwise cool to
form stars9,10. Energy output from a black hole accreting at a low
rate has been proposed11–13, but observational evidence for this in
the form of expanding hot gas shells is indirect and limited to radio
galaxies at the centers of clusters14,15, which are too rare to explain
the vast majority of the quiescent population16. Here we report
bisymmetric emission features co-aligned with strong ionized gas
velocity gradients from which we infer the presence of centrally-
driven winds in typical quiescent galaxies that host low-luminosity
active nuclei. These galaxies are surprisingly common, accounting
for as much as10% of the population at M∗ ∼ 2×1010 M⊙. In a
prototypical example, we calculate that the energy input from the
galaxy’s low-level active nucleus is capable of driving theobserved
wind, which contains sufficient mechanical energy to heat ambient,
cooler gas (also detected) and thereby suppress star formation.

Using optical imaging spectroscopy from the Sloan Digital Sky
Survey-IV Mapping Nearby Galaxies at Apache Point Observatory17

(SDSS-IV MaNGA) program, we define a new class of quiescent
galaxies (required to have red rest-frame colors,NUV − r > 5) that is
characterized by the presence of narrow bisymmetric patterns in equiv-
alent width (EW) maps of strong emission lines, such as Hα and [OIII ].
Our selection employs multiband imaging to exclude galaxies with dust
lanes and other disk signatures. The observed enhanced emission fea-
tures are oriented randomly with respect to the optical surface bright-
ness morphology, but roughly align with strong, systematicvelocity
gradients as traced by the ionized gas emission lines. The gas velocity
fields in these galaxies are decoupled from their stellar motions. These
galaxies are surprisingly common among the quiescent population, ac-
counting for∼10% of quiescent galaxies with logM∗/M⊙ ∼ 10.3.

1Kavli Institute for the Physics and Mathematics of the Universe (WPI), The University of
Tokyo Institutes for Advanced Study, The University of Tokyo, Kashiwa, Chiba 277-8583, Japan
2Sub-department of Astrophysics, Department of Physics, University of Oxford, Denys Wilkinson
Building, Keble Road, Oxford OX1 3RH, UK
3Institut d’Astrophysique de Paris (UMR 7095: CNRS and UPMC), 98 bis Bd Arago F-75014 Paris,
France
4Department of Physics, Faculty of Science, Chulalongkorn University, 254 Phayathai Road,
Pathumwan, Bangkok 10330, Thailand
5Institute for Cosmology and Gravitation, University of Portsmouth, Dennis Sciama Building, Burn-
aby Road, Portsmouth PO1 3FX
6Department of Physics and Astronomy, University of Kentucky, 505 Rose Street, Lexington, KY
40506-0055, USA
7Department of Astronomy, University of Wisconsin-Madison, 475 North Charter Street, Madison,

To illuminate the salient features of this class, we focus ona pro-
totypical example, nicknamed “Akira” (Fig. 1). The SDSS imaging
shows Akira to be an unremarkable spheroidal galaxy of moderate
stellar mass (logM∗/M⊙ = 10.78) that is interacting with a low-mass
companion (nicknamed “Tetsuo”) at a projected separation of ≈ 32 kpc
(67′′); they are not classified as members of a larger galaxy group18 and
the properties of both galaxies are listed in Table 1. Spectral energy dis-
tribution (SED) fitting indicates that Akira is nearly dormant, with al-
most no detection of ongoing star formation19. Resolved spectroscopy,
however, reveals intriguing and complex patterns among spectral trac-
ers of gas in Akira that point to a much more active internal state. With
ionized gas emission detected across the entire galaxy, themap of Hα
EW (which measures the line flux relative to the stellar continuum;
Fig. 1c) reveals a prominent and somewhat twisted bisymmetric pat-
tern with a position angle (PA) of∼46◦. The projected velocity gra-
dient ranges fromvionized gas= −225 km s−1 to vionized gas= 200 km s−1

along the kinematic major axis, which is at a PA of∼26◦ (Fig. 1h). We
observe high ionized gas velocity dispersions across the galaxy with
interesting internal structure and maxima that reachσionized gas∼200
km s−1 (Fig. 1i) andW80 ∼500 km s−1 (see Methods) perpendicular to
the major kinematic axis. Meanwhile, stellar motions reveal a mini-
mal gradient (±30 km s−1; Fig. 1f) that follows the PA of the galaxy’s
elliptical isophotes of∼53◦ (contours in Fig. 1c). We also detect a
spatially offset enhancement in Na D absorption (Fig. 1d) that is coin-
cident with excess dust in our derived extinction map (see Methods).
Measurements of the Na D line center trace a separate and distinct ve-
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locity gradient field across the offset absorption (Fig. 1e)that ranges
from approximatelyvNa D = −80 km s−1 to vNa D = 60 km s−1.

These observations indicate the presence of multiple gas compo-
nents with different temperatures and velocity structures. We inter-
pret the ionized gas velocity field as resulting from a centrally driven
(volume-filling) wind with a wide opening angle. The projected flux
distribution of this ionized component largely follows thestellar sur-
face brightness, suggesting that its primary ionization source is the
local radiation field from evolved stars20–22. The bisymmetric EW fea-
tures represent enhanced emission due to shocks or over-densities along
the wind’s central axis. A distinct and cooler gas componentis indi-
cated by the Na D absorption. Because it is spatially confinedwith
its own velocity structure, this cooler foreground material is likely to
be within 1–2Re of Akira. Simulations of galaxy mergers constrained
by the data (see Methods) suggest that the cool component is part of
a tidal stream and is arcing towards the observer from the farWest
(blueshifted; Fig. 1e) before plunging back towards Akira’s center (red-
shifted; Fig. 1e).

Previous work has noted similar objects20,23–25but has typically at-
tributed their gaseous dynamics and unusual emission line features to
accreted, rotating disks26. However, using a tight constraint on the to-
tal gravitational potential derived from the stellar kinematics, we find
that the observed second velocity moments (Vrms ≡

√
V 2 +σ2) of the

ionized gas in Akira are far too high to be consistent with motions un-
der the influence of gravity alone (Fig. 1j; see Methods). Regardless
of gas inclination or the degree of pressure support, we can rule out
any kind of axisymmetric orbital distribution. Perturbations or torques
from disk “settling” are also very unlikely to drive discrepancies that
reach as high as∼ 100 km s−1. We can express the dynamical incon-
sistency of the disk hypothesis another way. If we assume such a disk
were inclined ati = 50◦ (see Methods), we estimate that 15-20% of
the disk would be moving at velocities sufficient to escape the galaxy.
With similar velocity properties observed for the rest of theses galax-
ies, the disk interpretation also fails to explain why the bisymmetric
Hα features are always in rough alignment with the major kinematic
axis. If arising from internal structure in a moderately face-on disk,
this structure should be randomly oriented compared to the kinematic
axis, which is instead determined by the observer’s viewingangle.

A relatively simple wind model with a constant radially-outward
velocity of 310 km s−1 confined to a wide-angle cone (2θ = 80◦) re-
produces several qualitative features in the data (Fig. 2; see Methods).
The model captures the overall shape of the ionized gas velocity field
and associates the extended (horizontal) zones of high ionized gas ve-
locity dispersion along the kinematic minor axis with the overlapping
projection of approaching and receding surfaces of the inclined wind
cone. By assigning somewhat greater wind densities to the cone cen-
ter, we can explain the offsets between the projected kinematic major
axis of the ionized gas and both the stellar position angle and the Hα
flux orientation. Furthermore, the bisymmetric Hα EW features can
be explained by enhanced gas over-densities or shock ionization along
the central wind axis. Indeed, Fig. 3d-e demonstrates that line ratios in
the Hα EW feature (black points and boxes throughout Fig. 3) tend to
cluster and are consistent with those predicted by “fast” shock models27

with velocities of 200–400 km s−1.
The wind’s driving mechanism likely originates in Akira’s radio ac-

tive galactic nucleus (AGN), which is detected in FIRST (Faint Images
of the Radio Sky at Twenty-Centimeters) data with a luminosity den-
sity of L1.4 GHz = 1.6×1021 W Hz−1, and is most consistent with being
a point source according to higher-resolution (1.5′′) follow-up Jansky
VLA (Very Large Array) radio observations (W.R., in prep). Since this
AGN lacks obvious extended radio jets, its feedback is most likely man-
ifest in small-scale jets (< 1 kpc) or uncollimated winds28,29. Despite
an Eddington ratio ofλ = 3.9×10−4, energetics arguments show that

the AGN’s mechanical output (Pmech= 8.1×1041 erg s−1) is sufficient
to supply the wind’s kinetic power (Ėwind ∼ 1039 erg s−1; see Methods).
Moreover, the wind can inject sufficient energy, coupled to the ambient
gas through the turbulent dynamics observed (Fig. 1i and Fig. 3a-c), to
balance cooling in both the ionized and cool gas (Ėgas∼ 1039 erg s−1).
Indeed, the amount of cool Na D gas (Mcool gas∼ 108 M⊙) implies a
star formation rate ofSFR ∼ 1×10−2 M⊙ yr−1, which is much higher
than the estimated19 SFRAkira = 7×10−5 M⊙ yr−1 that leverages well-
detected WISE photometry. The picture that emerges is one inwhich
cool gas inflow in Akira, triggered by the minor merger, has initiated a
relatively low-power AGN-driven wind that is nonetheless able to heat
the surrounding gas through turbulence and shocks and thereby prevent
any substantial star formation.

As with Akira, the other galaxies in this class show little orno
ongoing star formation, and the majority harbor similarly weak radio
point sources (according to followup Jansky VLA observations) that
would be classified as “jet mode,” “kinetic mode,” or “radio mode”
AGN7,15. With similar levels of fast-moving ionized gas oriented along
enhanced ionized emission, we conclude that AGN-driven winds are
present in these systems as well and represent an important heating
source. Because the full spatial extent of these winds may exceed
the field-of-view of our observations, a lower limit of∼107 yr for
the timescale of this phenomenon is given by the radial extent di-
vided by the typical wind velocity. Assuming all quiescent galaxies
experience these AGN-driven winds, the∼5% occurrence rate (av-
eraged over the full mass range) implies an episodic behavior that
leads us to name these objects “red geysers.” Present primarily be-
low M∗ ∼< 1011 M⊙, these galaxies lie in isolated halos with moderate
masses18 (Mhalo∼ 1012 M⊙) and exhibit no signs of major interactions.
Their implied trigger rate (at most, a few episodes per Gyr) may be
related to minor mergers (approximately one per Gyr30) as well as cen-
tral accretion of ambient hot gas from stellar mass loss8. These red
geysers may represent how typical quiescent galaxies maintain their
quiescence.
Received 12 October 2015; accepted 30 March 2016.
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MaNGA Name MaNGA-ID RA DEC za log Mb
∗ NUV − rc log SFRd Re

e log Mf
h

(J2000.0 deg) (J2000.0 deg) (M⊙) (M⊙ yr−1) (kpc) (M⊙)
Akira (host) 1-217022 136.08961 41.48174 0.0244671 10.78 6.1 -4.17 3.88 12.0

Tetsuo (companion) 1-217015 136.11416 41.48621 0.02446479.18 3.0 -0.94 1.73 12.0

Table 1 | Galaxy properties
a Spectroscopic redshift from NSA catalog.
b Stellar mass from MPA-JHU DR7 data release.
c Rest-frameNUV − r color from NSA catalog.
d Star formation rate from SED fitting of SDSS optical and WISE infrared photometry19; the AGN contribution to the SED is negligible.
e Effective radius from NSA catalog.
f Halo mass from a public group catalog18.

Figure 1 | Akira: the prototypical red geyser. a, The SDSSgri color images of Akira (West) and Tetsuo (East) embedded in a larger SDSSr image, with the
MaNGA footprint in pink. b, The rest-frameNUV − r vs. logM∗ diagram of the adopted MaNGA sample, with Akira and Tetsuo highlighted.c, The Hα EW, with
contours tracing the stellar continuum.d, The Na D EW.e,The Na D velocity.f, The stellar velocity.g, The stellar velocity dispersion.h, The ionized gas velocity.i,
The ionized gas velocity dispersion. The Hα EW contours are overplotted on panelsd-i. j, The observedVrms from the highlighted spaxels exceeds theVrms predicted
from the gravitational potential, ruling out disk-like rotation. The error bars on the observedVrms represent the 1σ measurement errors while the shaded regions around
the predictedVrms represent a conservative estimate of the systematic uncertainties.

4



Figure 2 | Wind model. a,A schematic diagram of the galaxy (gold) and the wind bicone (purple; 2θ = 80◦) with the central±10◦ of the bicone highlighted in green.
b, Akira’s vionized gasmap, overplotted with its Hα EW contours.c, The projected velocity field derived from the wind model, with the white contours outlining the
central axis of the wind.

Figure 3 | Diagnostic line ratio maps of Akira. a-c,The log [NII ] 6583/Hα, log [OIII ] 5007/Hβ, and log [SII ] 6717,6731/Hα line ratio maps, with contours tracing
the Hα EW pattern.d-e, The [NII ] 6583 and [SII ] 6717,6731 BPT diagrams; the error bars represent the 1σ measurement errors propagated to the log line ratios.
Overplotted are shock models27, and the black points correspond to the spaxels highlightedby black boxes in the other panels.f-g, The resolved [NII ] 6583 and [SII ]
6717,6731 BPT maps, i.e., each spaxel is colored by its location on their respective BPT diagram.
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Methods

Observations. The data used in this work comes from the ongoing
MaNGA survey17,31,32using the SDSS 2.5-m telescope33. One of three
programs comprising SDSS-IV, MaNGA is obtaining spatiallyresolved
spectroscopy for 10,000 nearby galaxies with logM∗/M⊙ ∼> 9 and a
median redshift ofz ≈ 0.04. Ther-band signal-to-noise ratio (S/N) in

the galaxy outskirts is 4-8 Å
−1

, and the wavelength coverage is 3600-
10,300 Å. The effective spatial resolution is 2.4′′ (full width at half
max; FWHM) with an instrumental spectral resolution ofσ ∼ 60 km
s−1. The sample and data products used here were drawn from the
internal MaNGA Product Launch-3 (MPL-3), which includes≈ 700
galaxies observed before April 2015 and will be publicly available in
the thirteenth SDSS data release.

Ancillary data are from the NASA-Sloan Atlas (NSA34), MPA-
JHU DR7 data release35, and other recent works18,19. We assume a
flat cosmological model withH0 = 70 km s−1 Mpc−1, Ωm = 0.30, and
ΩΛ = 0.70, and all magnitudes are given in the AB magnitude system36.

The Data Analysis Pipeline (DAP), which usespPXF37 and the
MIUSCAT stellar library38, fits the stellar continuum in each spaxel and
produces estimates of the stellar kinematics. Flux and EW measure-
ments were measured through simple flux-summing39 after we subtract
the stellar continuum. We only show flux and EW measurements with

S/N> 3 Å
−1

in the wavelength range around a given line. Ionized gas
kinematics, i.e.,vionized gasandσionized gas, were estimated by fitting a
single Gaussian to the Hα emission line.

W80. W80 is a non-parametric measure of line widths; it is defined to
contain 80% of the emission-line flux40.

Na D measurements.Using a spectral fitting code41,42, we present the
dust extinction map of Akira in Extended Data Figure 1. The superim-
posed Na D contours (from Fig. 1d) overlap with enhanced extinction
(darker spaxels), supporting the association of the offsetNa D absorp-
tion with cool foreground material.

To measure the line-of-sight (LOS) velocity of this Na D-absorbing
material, which we defined as spaxels with Na D EW > 3.5 Å, we first
subtract the stellar continuum fit determined for Akira by the DAP. Ex-
tended Data Figure 2a-c shows the stellar continuum fits (red) around
the Na D doublet (the two black vertical lines mark the expected lo-
cations of the Na D doublet) for three spectra. Extended DataFigure
2a shows data from a recent work43, Extended Data Figure 2b shows
the central spaxel of Akira, marked by the "x" in the Fig. 1d-eand Ex-
tended Data Figure 1, and Extended Data Figure 2c shows a spaxel to
the Northwest of Akira, marked by the single box in the upper right
of Fig. 1d-e and Extended Data Figure 1. We then examine the resid-
ual absorption as a function of wavelength, as shown in Extended Data
Figure 2d-f.

Focusing on Extended Data Figure 2d-f, we determine the linecen-
troids in Akira by first defining a reference Na D profile for typical,
cold interstellar medium gas at rest. We use the stacked, continuum-
subtracted spectrum of Na D from a large set of highly inclined disk
galaxies for this reference43, which is shown in the left panel. We de-

fine an at-rest line centroid for cool Na D gas by averaging thewave-
lengths in this profile, each weighted by the amplitude of theresidual
absorption at that wavelength (weighting is performed within the green
region). The resulting centroid is marked by the dotted greyvertical
line, which is repeated in the two right panels for reference. In the
same way, we determine line centroids for the observed residual pro-
files across the Na D-absorbing material in Akira, which is marked by
the blue vertical lines in the two right panels. We then calculate the
velocity difference between the reference Na D centroid andthe ob-
served Na D centroid in these spaxels of Akira; this velocitydifference
is shown in the upper left in Extended Data Figure 2e-f.

Merger simulations. We modeled the interaction between Akira and
Tetsuo using the GADGET-244 code and the methodology described in
a recent work45. These simulations are constrained by the available data
and contain more than 4 million particles that account for stars, dark
matter, and gas (we only consider gas in Tetsuo). These simulations
also include cooling, star formation, and supernova feedback, but not
AGN feedback nor the proposed wind. The initial total mass merger
ratio is∼1:10, but because Tetsuo loses mass during the interaction,
this ratio falls to∼1:20 at the time most closely matching the observa-
tions (the observed stellar mass merger ratio is 1:40). According to the
best-matching viewing angle for this prograde encounter, Tetsuo starts
in the foreground to the lower-right of Akira and begins arcing over
the top and away from the observer (see Extended Data Figure 3a-d).
After a glancing blow with Akira, a tidal bridge is generatedthat loops
back and passes through Akira to form the shell structure seen to the
lower-right (Extended Data Figure 3d). This snapshot at t=0.56 Gyr
best matches the SDSSr image (Extended Data Figure 3f), and it in-
dicates that Tetsuo is behind Akira. Extended Data Figure 3eshows a
composite stars+gas representation at this snapshot; it indicates that a
stream of cool gas from Tetsuo has followed the stellar bridge that is
behind Akira, penetrated close to Akira’s center, emerged in front of
Akira on its lower-right side, and approaches the observer.

The shape of the tidal bridge and shell to the south-west in the
SDSS image (Extended Data Figure 3f) provides the most significant
constraints on the simulation and its viewing angle. An important
cross-check is that the orientation of Tetsuo’s stellar andionized gas
velocity fields (also observed by MaNGA) are reproduced as well. The
geometry and velocity scale of the cool gas is similar to the observed
Na D component (Fig. 1d-e), but there are differences with the obser-
vations. Portions of the observed Na D gas appear to be falling back
into Akira (redshift; Fig. 1e), but these are not seen in the simulation
until a later time step. The observed cool gas orientation isalso more
horizontal while the simulation predicts the gas stream stretches further
(Extended Data Figure 3e). But we emphasize that we only detect cool
gas in absorption where there are background stars from hostgalaxy,
whereas the simulation allows us to see the full extent of thecool gas.
Differences between the simulations and observations may also arise
from inaccuracies in the initialization of the merger simulation (mass
ratios, gas mass fractions, angular momentum alignment, etc.), limita-
tions in the hydrodynamic gas treatment, or missing components in the
simulation such as Akira’s gas supply and the proposed AGN-driven
wind.

Dynamical modeling evidence against the presence of disks.Jeans
Anisotropic Modeling (JAM46), which uses the Multi-Gaussian Ex-
pansion (MGE47,48) parametrization for mass and light distributions,
was performed on Akira and other red geysers to model their stellar
kinematics and gravitational potential. The JAM model derives a 3D
stellar density by de-projecting the observed SDSSr-band photom-
etry using an MGE fit. The modeled potential includes an NFW49

dark matter halo. The JAM model has four free parameters: thein-
clination i, anisotropyβz, stellarM/L, and halo mass. These are opti-
mized by fitting the model prediction for the second velocitymoments,
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Vrms≡
√

V 2 +σ2, to the observed MaNGA stellar kinematics. Through
a number of systematics tests, we find that the best-fit stellar inclination
is i = 41◦, with an upper limit ofi = 50◦. Although there is some covari-
ance between the model parameters, the resultingtotal mass profile, is
extremely robust50.

With the total gravitational potential defined from the stellar JAM
modeling above, we can predict projected second velocity moment
(Vrms) maps of gas under the assumption of axisymmetric orbital distri-
butions. We treat the Hα-emitting gas clouds as a “tracer” population
of the underlying potential. Its flux distribution is modeled by a sepa-
rate MGE (distinct from the stellar component) enabling de-projection
of the observed Hα surface brightness. The Jeans equations are then
solved for this tracer, within the fixed potential, to predict theVrms al-
lowed by the given mass distribution. We emphasize that the second
moments are independent of the degree of circular motion versus “ran-
dom” motion in the hypothesized disk. The analysis does not account
for non-gravitational drivers of turbulent pressure, suchas from the
AGN-driven wind we propose. In Extended Data Figure 4 (see also
Fig. 1j) we show results for gaseous inclinations ofi = 46◦ (the mini-
mum allowed by theb/a = 0.7 from GALFIT fits of the Hα flux, cor-
responding to an intrinsic axis ratioq = 0.12; see below) and the most
extreme case ofi = 90◦ (an edge-on axisymmetric density). In either
case, the allowedVrms is far below the observedVrms.

With discrepancies as high as∼ 100 km s−1, torques of the same
order as the gravitational potential itself would be required to explain
the data, making a “disturbed” disk a highly unlikely explanation. It is
possible to imagine a very chaotic accretion scenario wherethe JAM
assumptions of axisymmetry and stability completely breakdown, al-
though in this case an ordered velocity gradient of the kind observed
seems unlikely. Such a scenario would also struggle to explain how the
high dispersions are generated and why enhanced Hα flux is observed
along the gradient in the gradient field. Similarly, becauseline widths
of W80 ∼500 km s−1 could not be sustained by accreting tidal streams or
caused by tidal torques, multiple overlapping gas streams would have to
conspire to produce the widespread high velocity dispersion observed
(Fig. 1i) while maintaining an ordered velocity gradient pattern. A sim-
ilar set of coincidences would be required for each galaxy inthe rest of
the red geyser sample.

Not surprisingly, tilted-disk models51 that fit the ionized velocity
field alone do a poor job for the red geyser sample. Characterizing
the goodness-of-fit by an error-weighted average residual,the major-
ity of red geysers exhibit residuals that place them among the worst
5% of fitted MaNGA galaxies with “disk-like” kinematics. Here, disk-
like refers to galaxies with reasonable agreement between stellar and
gaseous systemic velocities, dynamical centers, positionangles, and
inclinations.

Finally, we use the dynamically-constrained potential to estimate
a local escape velocity and compare this to the inferred velocity dis-
tribution of a putative disk. Several assumptions are required, but the
results are informative. We obtain a rough estimate of escape velocity,
vesc∼ 400±50 km s−1, by integrating the potential from a projected
radius of 7′′ (3.4 kpc or just under 1Re) to 4Re (16 kpc) and assuming
a gentle decline in the circular velocity at large radius. Wethen use
GALFIT52 to model the observed Hα flux surface brightness, finding
a consistent projected axis ratio ofb/a = 0.7±0.02, regardless of the
assumed model profile (exponential, de Vaucouleurs’, or free Sérsic)
and despite significant structure in the residuals (of order∼ 10− 15%).
Hypothesizing a disk with an intrinsic axis ratio,q = 0.4, roughly twice
as “fat” as typical disks53, we estimate an inclination ofi = 50◦. This
is also the upper limit of inclinations allowed for the stellar kinematics,
and precession should align accreted material with the stellar distribu-
tion in roughly a few dynamical times54 (unless there is a source of in-
coming misaligned gas55). We de-project the observed mean velocities

using this inclination and consider the distribution of velocities about
this mean. Roughly 15-20% of the gas, i.e., with velocities greater
than 1σ from the mean, would exceed the escape velocity under these
assumptions.
Wind model. We construct a simple wind model that reproduces many
qualitative features of the MaNGA observations. In this model, the
wind assumes a wide-angle biconical form centered on the galaxy nu-
cleus. Within the bicone, the wind has a constant amplitude,radially-
outward velocity56. We assume that warm gas clouds entrained by
the wind trace this velocity structure and emit flux in strongemission
lines primarily in response to the local ionization field supplied by the
stars20–22. The projected wind velocity field to first order is therefore
a convolution of the wind geometry with the galaxy’s 3D luminosity
profile.

To realize the model, we populate a randomized 3D cartesian grid
of points with the galaxy at the center and assign each point aweight
equal the value of an axisymmetric Hernquist density profilesampled
at that point57. This density profile is fixed to reproduce the imaging
and JAM constrains on the stellar component, namely an intrinsic (3D)
axis ratio of 0.4, an inclination of 41◦, a projected major-axis effective
radius ofRe ≈ 7′′, and an on-sky PA of 53◦. For a given wind opening
angle and inclination, we weight the projected line-of-sight component
of the wind velocity at each point inside the bicone by its Hernquist
profile value. Projected quantities are smoothed to the spatial resolu-
tion of the MaNGA data (2.4′′, FWHM). To model a potential enhance-
ment of gas densities or shocks along the central axis of the bicone, we
implement a second set of weights defined with respect to the bicone
that decrease exponentially (with a variable characteristic angle) as a
function of the angular distance from the bicone’s axis.

By experimenting with different choices for the wind’s opening an-
gle, inclination, length, intrinsic velocity, (and central weighting, if de-
sired), we explored possible wind model solutions. Most have opening
angles of 2θ ∼ 80◦ and steep inclinations (∼70◦) toward the line-of-
sight. One example is shown in Fig. 2. This wind model has an open-
ing angle of 2θ = 80◦, an inclination of 75◦, PA = 55◦, and a length
of 2Re. We have assumed a constant radially outward velocity within
the wind ofvwind = 310 km s−1. We associate the observed, bisymmet-
ric regions of enhanced Hα (white contours on the observed velocity
field; Fig. 2b) with the wind’s central axis. The projection of this±10◦

region is overplotted with white contours on the modeled velocity field
(Fig. 2c). The wind density is assumed to decline as an exponential
function of the angular distance with a characteristic angle ofα = 10◦.
Shock models.Shock models27 with twice the solar atomic abun-
dances, shock velocities of 200-400 km s−1, magnetic fields of 0.5-10
µG, and preshock densities of unity, were used in Fig. 3.
Inferring the presence of an AGN in Akira. The presence of a cen-
tral radio source and the absence of star formation in Akira imply the
presence of an AGN. Quantitatively, we can confirm the presence of an
AGN by comparing the expectedSFR inferred from the radio luminos-
ity of Akira to the estimatedSFR from SED fitting of SDSS and WISE
photometry19. We first calculate the radio luminosity density of Akira
usingL1.4 GHz = 4πd2

LF1.4 GHz, whereF1.4 GHz is the integrated flux den-
sity (of 1.2 mJy) from FIRST58, anddL is the luminosity distance. This
calculation yieldsL1.4 GHz = 1.6× 1021 W Hz−1. Using the radio star
formation rate calibration59, we inferSFR = 1 M⊙ yr−1. This level of
star formation in Akira is ruled out at more than 97.5% confidence19,
indicating that the most likely source of this radio emission is an AGN.
Eddington ratio and AGN power. To calculate the Eddington ratio
(λ) of Akira, we use the Eddington-scaled accretion rate60, which is
more applicable to radio-detected AGN:λ = (Lrad+ Lmech)/LEdd, where
Lrad is the bolometric radiative luminosity,Lmech is the jet mechani-
cal luminosity, andLEdd is the Eddington limit. To calculateLrad, we
converted the [OIII ] 5007 flux from the central 2′′ (≈ 1 kpc) radius
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aperture of Akira,F[O III ] , to a luminosity:L[O III ] = 4πd2
LF[O III ] =

1.7×1039 erg s−1. Even though the central [OIII ] 5007 flux is proba-
bly not entirely due to AGN photoionization (evolved stars and shocks
probably contribute), for this order-of-magnitude calculation we will
make the simplifying assumption that it does. Using the relation61

Lrad = 3500L[O III ] , we obtainLrad = 5.9×1042 erg s−1.
Acknowledging that Akira is in a lower mass and en-

ergy output regime than those in which expanding X-ray bub-
bles have been observed, we nonetheless applied the following
relation62 to calculate the jet mechanical luminosity:Lmech = 7.3×
1036(L1.4 GHz/1024 W Hz−1)0.70 W, which results inLmech = 8.1×
1034 W = 8.1×1041 erg s−1.

Finally, to calculate LEdd, we first estimate the black
hole mass, MBH, using the relation63 log(MBH/M⊙) =
8.32 + 5.64log[σstar/(200 km s−1)], with σstar = 185.5 km s−1

from the central 2′′ radius aperture, yielding log(MBH/M⊙) = 8.1. We
calculate the classical Eddington limit withLEdd = 3.3× 104MBH =
4.5×1012 L⊙ = 1.7×1046 erg s−1.

Inserting these numbers intoλ = (Lrad+Lmech)/LEdd yieldsλ = 3.9×
10−4, suggesting that the accretion onto this black hole is at a low rate
and/or radiatively inefficient; these types of AGN have beentermed
low-energy, kinetic mode, jet mode, or radio mode AGN7,15,60.
Ionized gas energetics.Assuming warm ionized gas clouds with a
temperature of 104 K and using the observed [SII ] ratio, we estimate64

an electron density,ne, of 100 cm−3. With this value of ne, we
estimate65 the lower limits on the ionized gas mass from the Hα line
flux, Mwarm, Hα ∼ 6×105 M⊙. We can derive similar estimates66 based
on the Hβ and [OIII ] flux, obtaining Mwarm, Hβ ∼ 4× 105 M⊙ and
Mwarm, [O III ] ∼ 2×104 M⊙. We adopt an approximateMwarm ∼ 105

M⊙.
To approximate the energy associated with a wind driving theob-

served velocities in the ionized gas, we adopt the kinetic energy40,
Ewind ∼ 1

2Mwarmv2
wind, with vwind = 300 km s−1. To estimate the wind

power, we divideEwind by the characteristic wind timescale of 107 yr,
derived by dividing the Akira’s optical radius (the observed extent of
the wind) byvwind. We obtainĖwind ∼ 1039 erg s−1. Because the ionized
gas mass is likely a lower limit,̇Ewind is likely an underestimate. The
gas cooling rate is estimated using a method from the literature67.
Star formation in the Na D cool gas. To estimate the expected star
formation rate associated with the cool Na D gas, we first estimate68

the total hydrogen column density (NHI + 2NH2) from the dust extinc-
tion presented in Extended Data Figure 1. Integrating over the∼4 kpc2

region of enhanced extinction, we find a total gas mass ofMcool ∼ 108

M⊙ or a surface mass density ofΣcool ∼ 3× 107 M⊙ kpc−2. To ap-
ply the Kennicutt relation69, we first account for fact that the Na D
material is unlikely to be distributed in a thin, face-on disk. Assum-
ing the Kennicutt relation holds with respect tovolumetric density,
we scaleΣcool by the ratio of scale heights between a typical star-
forming spiral (HKennicut ∼ 0.6 kpc70) and an estimate for the Na D
material’s scale height,HNaD. We setHNaD to ∼3 kpc, which is ap-
proximately the effective radius (Re) of Akira. These assumptions yield
SFR ∼ 10−2 M⊙ yr−1, roughly 100 times higher than the estimate for
Akira (SFRAkira = 7×10−5 M⊙ yr−1)19.
Code availability. The JAM code is available at
http://www-astro.physics.ox.ac.uk/~mxc/software/.
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Extended Data Figure 1| A(V) map. The estimatedA(V ) map, with contours of Na D EW > 3.5 Å from Fig. 1d. The spatial overlap between regions of high
extinction and the Na D EW absorption confirms that there is cool material in the foreground of Akira.

Extended Data Figure 2| Na D LOS measurement. a-c,The spectrum around the Na D doublet atλ = 5890,5896 Å and best-fit stellar continuum. The two vertical
lines mark the locations of the Na D doublet.d-f, The residual of the spectrum and stellar continuum. Considering only the wavelength range enclosed by the green
region, we calculate the residual-weighted central wavelengths of these Na D doublets, which is marked by the vertical lines (the dashed grey vertical represents the
reference Na D centroid while the blue vertical lines represent the observed Na D centroid from the two spaxels of Akira).
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Extended Data Figure 3| Merger simulation. a-d, Evolution of the stars from t=0 Gyr to t=0.56 Gyr; each panel is 90× 90 kpc. e, Composite image of stars and
gas at t=0.56; this panel is also 90× 90 kpcf, The SDSSr image of Akira and Tetsuo.

Extended Data Figure 4| Vrms maps. a,ObservedVrms map.b, PredictedVrms map, assumingi = 46◦. c, PredictedVrms map, assumingi = 90◦.
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