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Figure 4. Upper left: hypothesized rotation kinematics generated by combining kinematic measurements for the single-peaked [S iii] lines (minus northwest blueshifted
velocities attributed to the filament) and the red component of the two Gaussian fit [S iii] lines. Upper right: filament kinematics generated by combining the remaining
blueshifted velocities in the single-peaked [S iii] lines west of the nucleus and the blue component of the two Gaussian fit [S iii] lines. Lower left: velocity dispersion
map of rotation kinematics. Lower right: velocity dispersion map of filament kinematics. Continuum-subtracted [S iii] flux map contour lines are overlaid for all. North
and east are at the top and left sides of the image, respectively.

PA = 135◦. Adding the red component velocities measured in
the double-peaked [S iii] lines to the map of the single line
velocities creates a kinematic field that further resembles a
rotating disk.

In order to confirm that these kinematics could be due
rotation of the host disk, We used DiskFit (Spekkens &
Sellwood 2007; Sellwood & Sánchez 2010; Kuzio de Naray
et al. 2012), a publicly available code which fits non-parametric
models to a given velocity field, in order to confirm that these
kinematics could be due rotation of the host disk. We applied the
rotation model to the kinematics, using the single line plus red
component velocity field, an initial rotational major axis position
angle of −135◦ and ellipticity of 0.18 (taken from Phillips et al.
(1983) kinematics and isophotes, respectively), and a nuclear
location centered in the NIFS field of view (FOV), near the [S iii]
emission peak. For DiskFit to create a kinematic model which
has a center overlapping the photometric center, we required
that the velocities at the photometric center be effectively zero.

This required us to calculate a new redshift to replace the value
of z = 0.034397 we had been using previously. [S iii] emission
lines over the photometric nucleus were measured to have a
central wavelength of 9863.5Å and setting the velocities of these
lines to zero, while also accounting for a heliocentric velocity
of 31.5 km s−1, we calculated a new redshift for Mrk 509 of
z = 0.03454. All figures contain systemic velocities calculated
using this new redshift. The model using these revised velocities
generates a disk with a major axis PA = −109.◦8 ± 0.◦2, an
ellipticity of 1 − b/a = 0.05 ± 0.01, and an inclination of
i = 18.◦19 ± 1.◦06, with a nucleus offset from the center of the
FOV by −0.28 ± 0.05 and −1.0 ± 0.11 spaxels in the X and
Y directions, respectively. With a disk inclination of 18◦, the
maximum observed rotational velocities of ∼160 km s−1 can be
deprojected to obtain a true rotational velocity of ∼500 km s−1.
While rather high, this velocity is not outside the realm of
velocities measured in other disk galaxies (Sparke & Gallagher
2000). Alternatively, rotation models are prone to showing a
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Before HST, the NLR was mostly unresolved.

(Veilleux, 1991, ApJS, 75, 357)  

In the past, investigators claimed infall, rotation, outflows, 
parabolic orbits, etc.  
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HST images resolved the NLR, and we used HST/STIS to study the 
kinematics with biconical outflow models.

How do we determine mass outflow rates in the NLR?!

•  Kinema>c"models"from"HST/STIS"
medium+dispersion"spectra"to"get"
velocity"profile:"v(r)."

•  Photoioniza>on"models"of"STIS"low+
dispersion"spectra"to"get"density"
profile:"nH(r)."

•  Measure"[O"III]"luminosi>es"from"
HST"images"to"get"mass"as"a"func>on"
of"posi>on"(in"ellip>cal"annuli)."

PA"="221°"
1"arcsec"

8"

ΔM ∝ L[O III] nH

M
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•
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(NGC 4151: Das+ 2005, AJ, 130, 945)  
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•  However, a single long-slit spectrum may be misleading. 
•  Kinematic maps of the NLR are needed ! IFUs. 
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IFUs (+ AO) can map the NLR kinematics.

Gemini North 
 and NIFS 

Integral Field Unit 

•  Integral Field Units (IFUs): image slicers, lenslets, and/or fibers obtain 
spectra over a field of view. Adaptive optics (AO) resolves NLR structure. 

•  Ex) Gemini’s Near Infrared Field Spectrometer (NIFS): 
-  λ/Δλ ≈ 5000, ~ 0.1'' resolution, 0.9 – 2.4 µm  coverage, 3'' x 3'' FOV.  

! 3600 spectra in one observation 
-  Z band: [S III];  J band: [Fe II], Pβ;  K band: Brγ, H2, CO stellar. 

•  Other IFU Observations of AGN NLRs: 
-  Gemini GMOS: Storchi-Bergmann+, Rupke+ 
-  Keck OSIRIS: e.g., Hicks+ 
-  ESO VLT SINFONI: e.g., Davies+ 
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What can kinematic mapping of the NLR tell us?

Let’s look at some examples ! 

•  Is the gas in the NLR rotating, infalling, or outflowing?

•  What is the origin of NLR outflows?

•  Can NLR outflows provide significant AGN feedback?

•  How are AGN fueled on NLR scales (1 – 1000 pc)?
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Mrk 509 (Seyfert 1) is being fueled by a minor merger.

(Fischer + 2015, ApJ, 799, 234) 

HST [O III] Image NIFS [S III] Radial Velocity Maps 

(Fischer + 2015) 

!  rotation and inflow
 
•  Liu, Arav, & Rupke (2015) also 

find outflows to ~1.2 kpc  
(~1.7'') using GMOS.

•  Emission properties similar to 
those of UV absorption 
outflows.
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Mrk 573 (Seyfert 2): Dust spirals are lit up by AGN. 

of 60 early-type stars (Winge et al. 2009) were used to obtain
the stellar line-of-sight velocity distribution at each position.
pPXF allows the use of polynomials in addition to stellar
templates, to take into account the continuum emission. We
included multiplicative Legendre polynomials of order 3 to fit
the continuum emission. The observed stellar velocities are
shown in the left panel of Figure 11. White regions in the
velocity map correspond to positions where the S/N in the CO
bands was not high enough to allow good fits. Several spaxels
near the nucleus of the galaxy contain spectra that could not be
properly fit due to the dilution of the CO absorptions by non-
stellar continuum emission. Kinematics depict a rotation
pattern with blueshifts to the east and redshifts to the west of
the nucleus, a maximum velocity of ∼200 km s−1, and a major
axis along the east/west direction.

To characterize the rotation of the stellar kinematics within
the host disk, we used DiskFit (Spekkens & Sellwood 2007;
Sellwood & Sánchez 2010; Kuzio de Naray et al. 2012), a
publicly available code that fits non-parametric models to a
given velocity field. We applied the rotation model to the NIFS
stellar kinematics using initial host major axis position angle
and ellipticity parameters based on isophote measurements
from previous I-band photometric analysis (Schmitt &
Kinney 2000). Within a radius of 5″, which contains the
entirety of our NIFS K-band FOV, the position angle and
average ellipticity (e= 1−b/a) of the system are approxi-
mately 97° and 0.1 respectively. The resultant model and
residuals are shown in Figure 11. We note that despite
significant localized residuals due to large uncertainties in the
stellar absorption measurements, the rotation model provides a
reasonable global fit to the stellar kinematics.

We are able to analyze the source of the gas kinematics in
the NIFS nuclear FOV by comparing them to our stellar
rotation model. The bottom panels of Figure 11 map the
residual velocity difference between the [S III]/H2 gas and
stellar kinematics. Ionized gas arcs and molecular gas lanes
∼1″ east and west of the nucleus, near the edge of the FOV,
largely agree with rotation, as the residuals between gas and

stars in these locations are <25 km s−1. Molecular gas is in
rotation until it reaches close proximity to the ionization cones
emitted from the central engine, where it exhibits kinematics
similar to the ionized [S III] gas in the linear filament. Here,
both gasses have velocities largely offset from rotation,
traveling outward from the nucleus. The northeast molecular
hydrogen gas depicts this prominently, with gas being driven
away in the redshifted direction before it approaches the
nucleus, and is driven away in the blueshifted direction after it
passes the nucleus. Therefore, comparing our measurements of
stellar and ionized/molecular gas kinematics of the inner,
nuclear region, we find that the observed gas follows a rotation
pattern until it enters the NLR.
We can also compare the stellar kinematics observed with

NIFS to the large-scale ionized gas kinematics in the host
galaxy through measurements obtained from our APO DIS
observations. We again used DiskFit to characterize the
rotation of the extended gas kinematics within the host disk,
applying a rotation model to the DIS [O III] and Hα
kinematics. As DIS observations extend to radii greater than
5″, we employ host parameters determined via isophote fits of
the greater host disk morphology as observed in the SDSS
image in Figure 1. Using the ellipse IRAF task, the position
angle and ellipticity for the outer disk were measured as 92°
and 0.275, respectively, similar to those found from the inner
disk in the NIFS data. From these large-scale, long-slit
measurements we find that the kinematics at radii >5″ again
largely follow a rotation pattern, even in regions that are
aligned along the NLR axis, which provides evidence that gas
can be illuminated inside the NLR at large radii which does not
exhibit outflow kinematics. We see that the large radius ionized
gas kinematics largely agree with the stellar kinematics at
smaller radii by comparing velocities obtained from our stellar
and ionized gas kinematic models, as shown in Figure 12. In
this figure, we plot the kinematics of DIS ionized gas outside 3″
to avoid kinematic contamination from outflows, and the NIFS
stellar kinematics inside 1 5 to avoid low S/N measurements
near the edge of the FOV, along the position angle of Slit B.

Figure 7. Left: structure map from Figure 1, and Paper I, cropped to the NIFS Kl-band FOV. Center: continuum-subtracted [S sIII] 0.95μm contours mapped to the
same structure map, where contours align with knots of emission seen in optical NLR imaging. Right: continuum-subtracted H2 2.12μm contours mapped to the same
structure map, where contours align with dark, dusty absorption features. Contour levels are identical to those in Figure 6.
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Dust spirals in NLR are ionized as they enter the 
ionizing bicone (~vertical in figure).

Gemini NIFS contours show correspondence 
of [S III] with [O III] and H2 with dust lanes.HST F606W (1'' = 350 pc) 
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Mrk 573 NLR shows in situ acceleration of ionized and warm 
molecular gas from rotating dust/molecular spirals. 

Outflows extend to ~750 pc, beyond which the ionized gas is rotating.
!  Not sufficient to clear the entire bulge

rotation
(Fischer+ 2017, ApJ, 834, 30)

(stellar)

rotation (outer)
outflow (inner)

rotation (outer)
outflow (inner)



9 

As the inner dust spirals enter the radiation bicone, gas is ionized 
and accelerated away from the AGN. 

Schmitt & Kinney (2000), the maximum deprojected radii of our
measurements along the NLR axis of 128° increase by only 7%,
and the maximum radial extent of radiatively driven gas is
∼750 pc. As the resolved NLR is the largest structure that depicts
the interaction between this AGN and its host galaxy, this is the
maximum distance at which the AGN can impose negative
feedback. With AGN feedback unable to fully evacuate a bulge
housing an AGN radiating near Eddington, such as Mrk 573, it
becomes unclear if bulge clearing negative feedback processes
are successful in the local universe. Therefore, for negative
feedback via AGN outflows to be successful, the size of the bulge
in radio-quiet AGN at the time it is evacuated in quenching
scenarios must be much smaller than typical kpc-scale bulge radii
currently observed in nearby galaxies, while still maintaining an
AGN radiating near Eddington.

From Figures 9, 11, and 12, Mrk 573 has a projected rotating
velocity of ∼50 km s−1 near the maximum radial outflow
distance of 750 pc along the major axis (Slit B). Deprojecting
this to a true velocity of 115 km s−1, the time required to rotate
the host disk once at this radius would be ∼4×107 years.
During each rotational lap, the gas in the host disk would
experience radiative driving by the AGN at two separate
epochs, once for each intersection with a cone of ionizing
radiation emitted by the AGN. Therefore, gas in the host disk
experiences radiative driving every 2×107 years. If we
assume that the NLR orientation is static and that its
intersection with the host disk intersection currently impacts
approximately half of the host disk volume at radii >750 pc,
then each epoch of radiative driving experienced by material in
the host disk lasts ∼10×106 years. Assuming an AGN duty
cycle of 108 years (galaxy lifetime ∼1010 years, 1% of galaxies
are currently active), then the host disk rotates twice during an
active period. Cumulatively, the total time spent inside the

ionizing bicone of the NLR for any parcel of gas at radii
<750pc is then 4×107 years.
By measuring the amount of hydrogen gas in the NIFS FOV,

we can form an estimate for the total amount of gas within that
a radius that would need to be evacuated via radiative driving.
Per Mazzalay et al. (2013), the cold molecular gas mass can be
estimated as:

( )
: :

» ´ l⎛
⎝⎜

⎞
⎠⎟

M
M

L

L
1174 8cold H 2.12182

where lLH 2.12182 is the luminosity of the H2 line. Using an
integrated flux of = ´l

-F 2.74 10H 2.1218
15

2 erg s−1 cm−2 and
a distance of D=70.55Mpc, we calculate an H2 luminosity of

lLH 2.12182 =2.74×10−15 erg s−1 and a cold molecular gas
mass of Mcold∼5×108Me. As that is the currently observed
mass, we assume double the mass as an estimate for the
original gas mass of 109Me. Therefore, with an initial mass
estimate of 109Me and a cumulative timescale of radiative
driving of 4.8×107 years, the required mass outflow rate to
evacuate gas within a radius of 750 pc would be ∼25Me yr−1.
This may not be an unreasonable mass outflow rate; we have
previously estimated a peak outflow rate of ∼3Me yr−1 for
NGC 4151 (Storchi-Bergmann et al. 2010; Crenshaw
et al. 2015), which has a much lower luminosity and Eddington
ratio. In a future paper (M. Revalski et al. 2016, in preparation),
we will give the resolved mass outflow rate in the NLR of Mrk
573 for comparison.
As the gas being radially driven from the nucleus is likely

more important in understanding the impact of the AGN on its
host, we suggest to define this gas as the true NLR of Mrk 573.
Therefore, assuming a symmetric extent west of the nucleus,

Figure 16. Cartoon interpretation of the AGN feedback process occurring in Mrk 573. Host disk gas initially rotates in the galaxy plane. After the AGN turns on, gas
in spiral arms enters the NLR and is ionized. Gas located at small radii (<750 pc) is radiatively accelerated away from the nucleus as outflows. Gas located at larger
radii is ionized but not driven away from the nucleus and remains in rotation.

15
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The extended NLR (ENLR) is rotating and extends out to 
~17” (~ 6 kpc).

outflow 

rotation 

Apache Point Observatory DIS (Fischer+ 2017) 

rotation 
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Conclusions (somewhat preliminary)

•  Is the gas in the NLR rotating, infalling, or outflowing?
-  Yes. Depends on geometry, ionization state, AGN luminosity, 

distance from SMBH, etc. (Gnilka talk, Machuca poster)
•  What is the origin of NLR outflows?

-  Primarily in situ acceleration of local material - e.g., rotating 
dust/molecular spirals (Fischer et al. 2017)

•  Can NLR outflows provide significant AGN feedback?
-  Need spatially resolved mass outflow rates and kinetic 

luminosities over a range of luminosities. (Revalski talk, 
Fischer talk)

•  How are AGN fueled on NLR scales (1 – 1000 pc)?
-  Along nuclear dust spirals/bars seen in HST images? Need 

kinematic maps of warm H2 (JWST?) and likely cold 
molecular gas (ALMA).
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Mrk 573: Composite X-ray, Optical, Radio
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Dynamics of the emission-line clouds in Mrk 573

that in situ radiative acceleration is possible (out to ∼0.5 kpc) in
this object. The bottom panel plots the effect of different
Eddington ratios (L/Ledd, with Mrk 573 having a ratio of
L/Ledd∼ 1) on a cloud launched from 200 pc. This illustrates
that AGN as luminous as 0.5 Ledd cannot successfully launch
outflows from a distance of 200 pc. Second, given the
deprojected radial distances and velocities of individual
emission-line knots, can we determine the radial distances at
which they originated? Using the major axis position angle of
the inner disk of 95° and a maximum ellipticity of the inner 5″
from Schmitt & Kinney (2000), e=0.18, we calculate the
portion of the host disk containing the NLR knots near

Figure 13. Left: HST WFPC2/PC F814W continuum image of Mrk 573. Center: best fit galaxy decomposition model (3 components) for Mrk 573. Right: residuals
between image and model.

Figure 14. Mass distribution profiles for each component in our model. Red,
green, black dashed, and black solid lines represent inner, intermediate, and
outer components and the sum of the 3 components, respectively. Our radial
mass distribution is calculated using the expressions from Terzić & Graham
(2005) assuming a mass-to-light ratio of 5.

Figure 15. Top: velocity profiles for various launch radii (all generated
assuming % = 3300), in the absence of interaction with an ambient
medium. Based on these results, radiatively accelerated gas can escape
the inner ∼ kpc if launched from D<500 pc. Bottom: velocity profiles
for a launch radius of 200 pc, over a range in L/Ledd. From this distance,
if L/Ledd�0.5, radiatively accelerated gas would not reach a distance
of 1 kpc.
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that in situ radiative acceleration is possible (out to ∼0.5 kpc) in
this object. The bottom panel plots the effect of different
Eddington ratios (L/Ledd, with Mrk 573 having a ratio of
L/Ledd∼ 1) on a cloud launched from 200 pc. This illustrates
that AGN as luminous as 0.5 Ledd cannot successfully launch
outflows from a distance of 200 pc. Second, given the
deprojected radial distances and velocities of individual
emission-line knots, can we determine the radial distances at
which they originated? Using the major axis position angle of
the inner disk of 95° and a maximum ellipticity of the inner 5″
from Schmitt & Kinney (2000), e=0.18, we calculate the
portion of the host disk containing the NLR knots near

Figure 13. Left: HST WFPC2/PC F814W continuum image of Mrk 573. Center: best fit galaxy decomposition model (3 components) for Mrk 573. Right: residuals
between image and model.

Figure 14. Mass distribution profiles for each component in our model. Red,
green, black dashed, and black solid lines represent inner, intermediate, and
outer components and the sum of the 3 components, respectively. Our radial
mass distribution is calculated using the expressions from Terzić & Graham
(2005) assuming a mass-to-light ratio of 5.

Figure 15. Top: velocity profiles for various launch radii (all generated
assuming % = 3300), in the absence of interaction with an ambient
medium. Based on these results, radiatively accelerated gas can escape
the inner ∼ kpc if launched from D<500 pc. Bottom: velocity profiles
for a launch radius of 200 pc, over a range in L/Ledd. From this distance,
if L/Ledd�0.5, radiatively accelerated gas would not reach a distance
of 1 kpc.
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Enclosed mass profile and photoionization 
models give equation of motion (radiative 
driving and gravitational decelerations):

The value Σe is calculated using the equation:

( ) ( ) ( )p k= S Gk -F r e n n q R C m2 2 , 2e e
n

tot
2 2

0

where Γ is the gamma function, q=b/a is the axial ratio of the
Sérsic component and ( )R C m,0 represents deviations from a
perfect ellipse (Peng et al. 2010). This term has a value of the
order of unity and will be disregarded in our calculations.

Following Equation4 in Terzić & Graham (2005) we have
that the mass density of a Sérsic component is given by the
following expressions:

( )( )( ) ( )r r= k k
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r n p
2

2 3
5e

n p

e
0

1

where M
L
is the mass to light ratio, assumed to be 5. Notice that

due to a difference in notation between Peng et al. (2010) and
Terzić & Graham (2005), the expression for ( )r r has an
addition eκ term. Also, the expression for p corresponds to n
values in the range < <n0.6 10. Two of our components are
slightly outside this range, but we do not expect a large
deviation in the results by using this expression.

Finally, we have from Equation(A2) in Terzić & Graham
(2005) that the mass profile is given by:

( ) ( ( ) ) ( )( )pr k g= --M r r n n p Z4 3 , 6e
n p

0
3 3

where ( ( ) )g -n p Z3 , is the incomplete gamma function and Z

is given by ( )k=Z r
r

n1

e
. Using Equation(10) of Terzić &

Graham (2005), we can calculate the enclosed mass at a given
radius and thus determine the gravitational deceleration at said

radius. This is critical in determining where gas can be
radiatively accelerated, as shown below.

6.2. Radiative Acceleration

In order to determine whether the emission-line gas can be
radiatively accelerated in situ, we used the radiation-gravity
formalism detailed in Das et al. (2007). Assuming an
azimuthally symmetric distribution, velocity as a function of
radial distance, v(r), in units of km s−1 and pc, can be written
as:

( ) ( ) ( )%
ò= - ´ -⎡

⎣⎢
⎤
⎦⎥v r L

r
M r

r
dr6840 8.6 10 , 7

r

r

44 2
3

2
1

where L44 is the bolometric luminosity, Lbol in units of 1044

ergs s−1,% is the force multiplier, or ratio of the total photo-
absorption cross-section to the Thomson cross-section, M(r) is
the enclosed mass at the distance r, determined from the radial
mass distribution described above, and r1 is the launch radius
of the gas.
In Kraemer et al. (2009) we derived a value for Lbol=1045.4

ergs s−1. In order to determine %, we generated photo-
ionization models with Cloudy 13.03 (Ferland et al. 2013) and
the ionizing continuum derived in Kraemer et al. Models with
logU≈−2.5 predict that S+2 is the peak ionization state for
sulfur, and therefore can be used to constrain the physical
conditions in the [S III] emission-line gas. At this ionization,
Cloudy predicts %=3300 at the ionized face of an
illuminated slab and we use this value to solve for v(r).
Calculating M(r) required solving an incomplete Gamma
function, hence we determined it at 10 pc intervals over a
range of 10pc<r<1kpc. We derived an expression for the
enclosed mass as a function of r, in each 10pc interval from r1
to r2, using a powerlaw of the form ( )( ) ( )= ´

b
M r M r r

r1
1

2
.

We were then able to solve for v(r) analytically, by integrating
within each interval.

Figure 10. BPT diagnostic diagrams for each long-slit APO DIS observation with measurable line fluxes, identifying the source of ionization in the observed gas as an
AGN/Seyfert.
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! Nearly all of the clouds originated near 
dust/molecular  gas lanes and traveled only 
tens of parsecs from their origins.  

(Fischer+ 2017) 

that in situ radiative acceleration is possible (out to ∼0.5 kpc) in
this object. The bottom panel plots the effect of different
Eddington ratios (L/Ledd, with Mrk 573 having a ratio of
L/Ledd∼ 1) on a cloud launched from 200 pc. This illustrates
that AGN as luminous as 0.5 Ledd cannot successfully launch
outflows from a distance of 200 pc. Second, given the
deprojected radial distances and velocities of individual
emission-line knots, can we determine the radial distances at
which they originated? Using the major axis position angle of
the inner disk of 95° and a maximum ellipticity of the inner 5″
from Schmitt & Kinney (2000), e=0.18, we calculate the
portion of the host disk containing the NLR knots near

Figure 13. Left: HST WFPC2/PC F814W continuum image of Mrk 573. Center: best fit galaxy decomposition model (3 components) for Mrk 573. Right: residuals
between image and model.

Figure 14. Mass distribution profiles for each component in our model. Red,
green, black dashed, and black solid lines represent inner, intermediate, and
outer components and the sum of the 3 components, respectively. Our radial
mass distribution is calculated using the expressions from Terzić & Graham
(2005) assuming a mass-to-light ratio of 5.

Figure 15. Top: velocity profiles for various launch radii (all generated
assuming % = 3300), in the absence of interaction with an ambient
medium. Based on these results, radiatively accelerated gas can escape
the inner ∼ kpc if launched from D<500 pc. Bottom: velocity profiles
for a launch radius of 200 pc, over a range in L/Ledd. From this distance,
if L/Ledd�0.5, radiatively accelerated gas would not reach a distance
of 1 kpc.
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