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ABSTRACT

We present H- and K-band data from the inner arcsecond of the Seyfert 1.5 galaxy NGC 4151 obtained with the adaptive optics
assisted near-infrared imaging field spectrograph OSIRIS at the Keck Observatory. The angular resolution is about a few parsecs
on-site and thus competes easily with optical images taken previously with the Hubble Space Telescope. We present the morphology
and dynamics of most species detected but focus on the morphology and dynamics of the narrow line region (as traced by emission of
[Fell]A1.644 um), the interplay between plasma ejected from the nucleus (as traced by 21 cm continuum radio data) and hot H, gas
and characterize the detected nuclear HelA2.058 pm absorption feature as a narrow absorption line (NAL) phenomenon.

Emission from the narrow line region (NLR) as traced by [Fell] reveals a biconical morphology and we compare the measured
dynamics in the [Fell] emission line with models proposing acceleration of gas in the NLR and simple ejection of gas into the NLR.
In the inner 2.5 arcseconds the acceleration model reveals a better fit to our data than the ejection model. We also see evidence that the
jet very locally enhances emission in [Fell] at certain positions in our field-of-view such that we were able to distinct the kinematics
of these clouds from clouds generally accelerated in the NLR. Further, the radio jet is aligned with the bicone surface rather than the
bicone axis such that we assume that the jet is not the dominant mechanism responsible for driving the kinematics of clouds in the
NLR. The hot H, gas is thermal with a temperature of about 1700 K. We observe a remarkable correlation between individual H,
clouds at systemic velocity with the 21 cm continuum radio jet. We propose that the radio jet is at least partially embedded in the
galactic disk of NGC 4151 such that deviations from a linear radio structure are invoked by interactions of jet plasma with H, clouds
that are moving into the path of the jet because of rotation of the galactic disk of NGC 4151. Additionally, we observe a correlation of
the jet as traced by the radio data, with gas as traced in Bry and H,, at velocities between systemic and + 200 km/s at several locations
along the path of the jet. The Hel12.058 um line in NGC 4151 appears in emission with a blueshifted absorption component from an
outflow. The emission (absorption) component has a velocity offset of 10 km/s (-280 km/s) with a Gaussian (Lorentzian) full-width
(half-width) at half maximum of 160 km/s (440 km/s). The absorption component remains spatially unresolved and its kinematic
measures differ from that of UV resonance absorption lines. From the amount of absorption we derive a lower limit of the Hel 2'S

column density of 1 x 10 ¢cm™2 with a covering factor along the line-of-sight of C;,s ~ 0.1.
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1. Introduction

NGC 4151 is a Seyfert 1.5 galaxy (Véron-Cetty & Véron 2006)
originally cataloged by Seyfert (1943). Due to its proximity of
about 13 Mpc it is an ideal testbed for the physics of active
galactic nuclei (AGN) and therefore one of the most inten-
sively studied Seyfert galaxies. In the AGN model proposed
by Antonucci (1993) a supermassive black hole (SMBH) is
surrounded by a dusty molecular torus. This torus is assumed
to collimate the ionizing radiation field from the accretion
disk that surrounds the SMBH. Seyfert galaxies as a class of
AGNs are distinguished according to the viewing angle of the
observer onto the obscuring torus. One of the most important
topics in AGN research has been the search for the obscuring
torus (for NGC 4151 see e.g. Pott etal. 2010), although the
torus model has evolved significantly in the last decade (e.g.
Elvis 2000). This torus is usually held responsible for the

sometimes spectacular biconical emission morphologies of
the narrow line region (NLR) (see e.g. Tadhunter & Tsvetanov
1989). In NGC 4151 emission of highly ionized species such as
[OII]A501nm reveal an outflow into a bicone with a projected
opening angle of 75° along a position angle (PA) of 60° (e.g.
Kaiser et al. 2000). Thompson (1995) showed, that most of
the iron in the NLR is in the gaseous phase, and because the
kinematics observed in [OIII] is similar to that observed in
[Fell]A1.257 ym and PaBA1.282 um (Knop et al. 1996), emis-
sion of [OIII] and [Fell] is most likely due to photoionization
by the AGN. However, [Fell] emission line profiles appear
broader than e.g. Pag line profiles along the NLR such that
additional mechanisms may be necessary to locally enhance
emission of [Fell], like shocks in a wind from the AGN or a
jet. A faint spatially resolved jet emerging from the nucleus
has been observed by Mundell et al. (2003) and others. The jet
extends several arcseconds at a PA of about 77° and is therefore
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misaligned with the NLR bicone axis by about 15°. However,
the inclination of the jet with respect to the galactic plane of
NGC 4151 is assumed to be low such that interactions of the jet
with the interstellar medium in the galactic disk of NGC 4151
are likely to occur and, indeed, some correlation between the
jet and [Fell]41.644 yum emission knots has been observed
(Storchi-Bergmann et al. 2009). The dynamics within the NLR
has been modeled by several authors (Crenshaw et al. 2000b;
Das et al. 2005; Storchi-Bergmann et al. 2010) assuming accel-
eration in an outflow and simple ejection with no acceleration.
But the dynamics of gas within the NLR maybe more complex.
The mass outflow rate into each cone is about 100 times higher
than the accretion rate (Storchi-Bergmann et al. 2010), which
indicates that the origin of the outflowing gas is not the AGN
but surrounding gas of the galaxy interstellar medium that is
accelerated in a nuclear outflow. Additionally, the activity of the
nucleus of NGC 4151 is also known to vary on timescales of
months, and the velocities of the nuclear outflow (as observed in
P-Cygni HelA388.8 nm and Balmer absorption) change on the
same timescale (Hutchings et al. 2002). However, the dynamics
and morphology of the NLR is still puzzling and the role of
the radio jet is not fully understood (e.g. why does the radio jet
show an S-like structure as reported by Mundell et al. (2003)?).
In the inner 250 parsec of the galactic disk of NGC 4151 a large
reservoir of hot H gas is seen (e.g. Fernandez et al. 1999). This
gas is in thermal equilibrium and is most likely heated by X-rays
(Storchi-Bergmann et al. 2009) or by shocks from gas inflowing
from larger distances (Mundell & Shone 1999; Mundell et al.
1999). This reservoir is usually considered responsible for
feeding the AGN while the outflow into the NLR is considered
as the feedback (Storchi-Bergmannetal. 2010), although the
final feeding stage (at the sphere of influence) has not been
observed yet.

In this paper we present data obtained during one of the first
commissioning runs with the near-infrared imaging field spec-
trograph OSIRIS at the Keck observatory. Our observations have
angular resolutions corresponding to a few parsecs on-site, such
that we can address the questions mentioned above. Our integral
field data are perfectly suited to derive the dynamics from within
a truly two-dimensional field-of-view (FoV). Additionally, our
near-infrared observations are less hampered by dust extinction
and allow angular resolutions at the diffraction limit of the Keck
telescope when using adaptive optics.

The paper is organized as follows: In section 2 we summarize
the instrumental setup and our observations. Section 3 briefly
summarizes the data reduction methods. Section In section 4 we
discuss continuum emission. In section 5 we present emission
line morphologies of all prominent species, and we discuss their
dynamics in section 6. In section 7 we describe the excitation
mechanisms of H, and calculate column densities of the ro-vib
transitions of H, and Hel. We conclude in section 8 with a
summary of our findings.

In this paper we use 4y=75 km/s/Mpc, implying linear distances
of 64 pc/arcsecond at a distance of 13.25 Mpc.

2. Observations

NGC 4151 was observed in 2005 February and May as one of
the first commissioning targets for the OSIRIS spectrograph
(OH Suppressing Infra-Red Imaging Spectrograph) at the W.
M. Keck Observatory. OSIRIS is an integral field spectrograph
(Larkin et al. 2006) for the near-infrared (z, J, H and K band)

with a nominal spectral resolution of 1/AA = 3700 (correspond-
ingto 5A or 60 km/s) mounted on the Nasmyth platform of the
Keck II telescope, which works with the Keck Adaptive Optics
System (Wizinowich et al. 2000). The design of the instrument
is based on concepts developed for the TIGER spectrograph
(Bacon et al. 1995) and uses an infrared transmissive microlens
array that samples a rectangular FoV of the adaptive optics
focal plane. The selectable plate scales are 20, 35, 50, and 100
milli-arcseconds (mas) per angular resolution element. Each
microlens focuses the light into a pupil image that serves as
input to the actual spectrograph which consists of a collimator
(a three-mirror-anastigmat), a diffraction grating, a three-mirror
camera, and a Hawaii II HgCdTe detector (with 2048 x 2048
pixel and 32 output channels). The readout noise of the detector
is 13 e~ per single read, and the detector is read in sampling-
up-the-ramp mode. OSIRIS offers several near-infrared broad-
and narrowband filters. The number of angular resolution
elements, hence the size of the FoV, is filter dependent (see
Appendix A). Additionally, OSIRIS is equipped with an
imaging camera hosting a HAWAII I detector (1024 x 1024
pixel). The FoV of the camera is 20 arcseconds and is offset
by 20 arcseconds from the center of the FoV of the spectrograph.

We performed spectroscopic H narrowband and K broadband
adaptive optics (AQO) assisted observations of the inner few arc-
seconds of the Seyfert 1.5 galaxy NGC 4151 (see table 1 for
details about the observations). The plate scales were 35 mas (in
H band) and 50 mas (in K band) per angular resolution element
corresponding to linear distances of 2.2 pc and 3.2 pc at the lo-
cation of NGC 4151. The total on-source integration times were
8.3 minutes in H band and 50 minutes in K band. The AO sys-
tem' was operated in natural guide star (NGS) mode with the
bright central AGN of NGC 4151 as point spread function (PSF)
reference source. The AO correction rate during both nights was
higher than 100 Hz and the measured full-width at half maxi-
mum (FWHM) of the AGN in K broadband after data reduc-
tion varied between 80 mas (@2.3 micron) and 140 mas (@2
micron) (the theoretical FWHM of the diffraction spike of the
Keck telescope is approximately 60 milli-arcseconds in the K
band). In K-broadband mode the FoV format is 3.20 x 0.95 arc-
seconds and covers 64 x 19 field points. We observed using the
classical AB pattern with a sky offset of 20 arcseconds. Because
the FoV in the K-broadband mode is extremely narrow, we ob-
served NGC 4151 at different position angles (PA) keeping the
AGN always centered to have a well-defined reference position
for mosaicking. In H narrowband the FWHM is about 80 milli-
arcseconds. The FoV format is 2.31 x 1.79 arcseconds and cov-
ers 66 x 51 field points, and we used the same sky offset as in
the K broadband. We observed the AOV stars HD 140729 and
HD 105601 as tellurics.

3. Data reduction and integrated flux values

In this section we briefly summarize the various data reduction
steps. We refer to appendix A for a more detailed discussion
of the data reduction concept for OSIRIS commissioning data,
about the OSIRIS data reduction pipeline (DRP) in general, and
about details of the various data reduction steps involved.

The first data reduction step is the subtraction of the sky
followed by a bad-pixel search and a one-dimensional interpola-

! The Keck Adaptive Optics system uses a Shack-Hartmann wave-
front sensor in the visible spectrum.
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Table 1. Observation summary: Date of observations, wavelength coverage of our data cubes, wavelength band, and name of the
filter used, plate scale, on-source integration time and PA (positive from north to east). Observations from 2/23 and 2/24 have been
used to create the KBB mosaic and the corresponding integration mask is shown in figure 1.

Date Wavelength ~ Wavelength ~ Plate  Integration time PA
coverage band scale (on-source)

[pm] [mas] [sec] []

2/23/2005  1.965-2.381 KBB 50 2 x 600 -90
2/24/2005  1.965-2.381 KBB 50 3 % 600 -45
5/27/2005  1.594-1.676 HN3 35 1 x 500 90
1.965-2.381 KBB 20 1 x 600 0

Offset [arcsec] 0.0 -1.0

NGC 4151
22.0 Integration mask r1.0
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o
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A 200 Integration time / 600 [sec] | 5
z
0 1 2 3 4 5|5
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Right Ascension (J2000) - 12" 10™

Fig. 1. Size of our FoV after mosaicking and total on-source in-
tegration time in the K band.

tion of the bad pixels along the dispersion axis. Supplementary
reduction steps to cope with detector artifacts such as time
variable direct current (DC) biases in the 32 multiplexer readout
channels or electronic ghosts followed. The next step was
reconstructing the distribution of incident light on the microlens
array from the recorded detector image in a process called
rectification. In this process we used PSFs of each microlens on
the detector, recorded during daytime. After rectification, the
light in each reconstructed spectrum was assigned to a specific
microlens. The spectra were then wavelength calibrated and
interpolated onto a regular wavelength grid with a sampling
close to the intrinsic sampling (2.5 A in K broadband and 2.0 A
in H narrowband, corresponding roughly to 30 km/s and 35 km/s
per spectral channel respectively). The spectra were rearranged
according to their proper positions on the sky to a data cube
with an @, a § and a A axis. Once the data cube was constructed,
additional reduction steps, e.g., three-dimensional bad-pixel
identification and interpolation, or correction for atmospheric
differential refraction were applied.

From here, our K- and H-band observations were treated
differently. For our K-broadband observations, the shift of
the FoV with increasing wavelength in the data cube due to
atmospheric differential refraction was determined to be less
than 1/4 of an angular resolution element between 2.0 and
2.3 um, and were not corrected. The spectra of the telluric
standard stars were extracted from a 400 milli-arcsecond-wide
circular aperture. The intrinsic Bry absorption line at 2.166 ym
in the extracted telluric spectrum (AOV star) was fitted with
a Lorentzian, and the fit was subtracted from the spectrum.
Then we divided the extracted spectrum by a blackbody (T =
9600 K) to correct for the intrinsic continuum emission of the
telluric stars. In the NGC 4151 datacubes some spectra show

residuals after division with the telluric spectrum due to an
imbalanced sky subtraction, especially in wavelength regimes of
low atmospheric transmission. We added appropriate biases to
these spectra prior to division by the telluric spectrum to correct
for this imbalance. The resulting five data cubes of NGC 4151
were finally rotated to a common PA, shifted to a common
reference position, in our case the point-like AGN, and were
averaged. We applied no telluric correction to our H-narrowband
observations, since in this wavelength band AQV stars exhibit
quite a few strong absorption lines from hydrogen and helium
and the transmission of the atmosphere in this wavelength range
is nearly constant and higher than 95 %. However, we compared
our telluric spectrum with an AOV spectrum from Pickles (1998)
to check for instrument-specific transmission effects. Within
the signal-to-noise ratio achieved in every spectrum, neither
atmospheric nor instrumental transmission affect the result.
Finally, the telluric standards were used to flux-calibrate our
data by applying the Vega flux densities listed in Allen (2000).
We follow convention and refer to a spectrum corresponding to
one spatial position in the data cube as a spaxel. The individual
data elements of a spaxel are refered to as spexels. The integra-
tion mask of the mosaicked K-broadband data cube is presented
in Figure 1. In that figure the effective integration time for each
spaxel is coded in color, which also provides an assessment
about the relative signal-to-noise ratio (S/N) throughout the
FoV. From the distribution of the colors one can also trace
the contribution of individual data cubes to the x-shaped final
mosaic. Maximum overlap occurs within the central 500 milli-
arcseconds. The H-band integration map is not shown, since
only one data cube was obtained. The designated coordinates in
right ascension and declination are derived from the radio map
presented in Mundell et al. (2003), where the authors identified
the position of the bright AGN with component D of the radio
jet. On-nucleus and off-nucleus K-band spectra are displayed
in Figure 2. Table 2 lists fluxes of all species detected in our
H- and K-band data. Channel maps of the most prominent line
emission/absorption features are presented in the appropriate
sections below.

4. Continuum emission
4.1. Shape and spectral profile

Pseudo H- and K-band images of the NGC 4151 nuclear region
were created by collapsing the respective data cubes along their
wavelength axes. They are displayed in figure 3. The K-band flux
is Fx = 2.6x10~"* W/m? from our full aperture and Fx = 3.95%
10715 W/m? from a circular aperture with a radius of 100 mas
centered on the fitted continuum peak between 1.965 - 2.381 um.
In both wavelength bands the continuum contours are almost
circular, in particular within the region of maximum overlap
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Table 2. Flux values of detected species derived from integrating the whole field-of-view and from a circular aperture with a radius
of 300 milli-arcseconds centered on the bright H; region in the southeast. Hel absorption component with redshift closer to systemic

velocity.
Species A Total flux Flux on eastern H, knot
[um]  [1077 W/m?] [1077 W/m?]
[Fell] 1.644  105=0.1 -
[SiVI] 1.9634 6.8 +0.2 0.39 + 0.04
1-0S(2) 2.0338  0.98 £ 0.05 0.13 £ 0.03
Hel (emission) 2.0581 1.5+0.2 0.07 £ 0.02
Hel (absorption)  2.0581 3.9+0.3 -
2-1S(3) 2.0735 <0.15+0.05 <0.03
1-08(1) 2.1218 2.9+ 0.08 0.38 + 0.02
2-1S(2) 2.1542 < 0.1 £0.05 < 0.01
Bry total 2.166 247+ 1.3 -
Bry narrow 2.166 5.0+ 0.25 0.19 < 0.03
1-0S(0) 2.2235  0.68 £0.04 0.10 + 0.002
2-18(1) 2.2477  0.15 £ 0.06 <0.02
[CaVIII] 23213 2.6+02 <0.09
Offset [arcsec] 0.0 -1.0
12 NGC 4151
| NGC 415t B e 10
1.0t <
— fwwj S 216 o5
=] r >
> 0.8 7W 2
ST & 212
53 I 8 L0.0
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[0} c
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© 04l i 5 204 —
- o - o c (%)
- §_8 <=8 sc SEQ S 3 g
025 252 @ 2. 28 3% ;ﬁ 3 200" K Flux [10""7 W/m? ] 5
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. . Right Ascension (J2000) - 12" 10™
Fig. 2. K-band spectra of NGC 4151 extracted from circular off
) N T 'set [arcsec] 0.5 0.0 -0.5 -1.0
apertures with a radius of 125 milli-arcseconds. From top to bot- : : ‘ ‘
tom: Nucleus, region 160 milli-arcseconds southwest of the nu- Hn3
cleus, region 160 milli-arcseconds north of the nucleus, and re- . 1.0
. o 5 220
gion 600 milli-arcseconds northwest of the nucleus. The spectra S
are normalized to unity at 2.245 ym and shifted by multiples of 3 '
0.15. Detected species are indicated. s 218 r0.5
8
2 212"

. . 5 0.0
where the S/N peaks. The contours are extending the circular 2 =
contours observed by Peletier et al. (1999) on larger scales. % 20.8"1 2
Small deviations from circularity are, however, notable in both [a kS
bands. We also note discontinuities in the K-band continuum 204" NGC 4151 &
image along the lower rim of the horizontal stretch and close o
to the southeastern end of the tilted stretch. These features can 3265  32.60° 3255  32.50°

be attributed to different seeing conditions prevailing during
the observations of the five individual data cubes (see also
Appendix B).

Figure 4 shows the flux density ratio around 2.35 and 2.09 um
extracted from continuum emission free of absorption and
emission lines. The ratio is about 1.3 on the nucleus and drops
to 0.8 at larger distances to the nucleus. Figure 4 also reveals
that the flux density ratio contours (the white contours in figure
4 correspond to a flux density ratio of 0.9) deviate significantly
from the almost circular shape of the K-band continuum
contours in figure 3 (top) and are elliptical (even boxy). The
effect of variable seeing conditions on the mosaicked datacube
is also discussed in Appendix B and cannot be accounted for

Right Ascension (J2000) - 12" 10™

Fig. 3. K-band image (1.965 - 2.381 um) (top) and H-band im-
age (1.594 - 1.676 um) (bottom) of NGC 4151 with correspond-
ing continuum contours at (1%, 2%, 4%, K only), 8% ,16%, 32%
and 64% of the maximum level. North is up and east to the left.

by the observed asymmetry. The spectra are redder along a
long axis PA of -60° with an extent of approximately 15 pc
and a long/short axis ratio of 1.5/1. Interestingly, this direction
roughly complies with the direction of the H,-emitting bicone
(as shown in figure 4 and described below).
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Fig.4. Flux density ratio of emission- and absorption-line-free
continuum emission around 2.35 and 2.09 um. H; (1-0S(1)) con-
tours in red, flux ratio contour of 0.9 in white. Continuum con-
tours (20% and 50% of the peak intensity) in yellow. North is up
and east to the left.

4.2. Spectral decomposition and stellar content

The continuum emission is composed of stellar and non-stellar
contributions. The stellar contribution can be quantified using
pronounced stellar absorption features like the CO absorption
bandheads around 2.3 um, while contributions from non-stellar
continuum emission sources can only be quantified by evaluat-
ing the overall continuum slope over a wide wavelength range.
Following Krabbe et al. (2000), we decomposed the continuum
into stellar components and non-stellar components, e.g., emis-
sion of hot dust, AGN power-law emission, and free-free emis-
sion (see Appendix C for a detailed description of the decom-
position algorithm). For every measured spectrum we subse-
quently generated a synthetic continuum spectrum, reddened it,
and compared it with the measured spectrum in terms of mini-
mizing the x? difference between the two.

Three effects complicate a proper decomposition of the con-
tinuum emission for every pixel in the FoV, the broadening of
the PSF with wavelength, broad emission lines such as Bry,
and the limited wavelength coverage of our data. For instance,
Riffel et al. (2009) decomposed the nuclear continuum spectrum
of NGC 4151 using a wavelength coverage from 0.4 ym to
2.4 um. Nevertheless, it is well possible to decompose the con-
tinuum emission into stellar and non-stellar contributions (on the
basis of the depth of the CO absorption bandheads), and we con-
strain ourselves here to find the position of the nuclear star clus-
ter. We did not attempt to decompose the non-stellar emission
into its individual components.

Before decomposing we needed to estimate the dominating spec-
tral type of the stellar continuum. Prominent features in the
stellar continuum in the near-infrared are the CO absorption
bandheads around 2.3 um, the Nal absorption doublet around
2.208 um, and the Cal triplet around 2.264 um . The last two are
either too weak to be identified in each individual spectrum or
are strongly diluted by the non-stellar continuum. We summed
all spectra from an annulus with an inner radius of 300 mas and
an outer radius of 600 mas and applied our decomposition al-
gorithm using all spectra from the Wallace and Hinkle stellar
library (Wallace & Hinkle 1997). K and M supergiants match
the total off-nuclear spectrum best, and we used the spectrum of
HR8726, a K5Ib star, as stellar template (see figure 5).

The stellar and non-stellar continuum emission peaks coincide.

2-15(1)
Cal

co
[Cavin]
co

co

co

8 ‘ ‘ : ‘

2.25 2.30
Wavelength [micron]

Fig. 5. Spectrum (black) extracted from an annuli with an inner
radius of 300 mas and an outer radius of 600 mas. The artificial
spectrum using the template stars HR8726/HR8694 is overplot-
ted in red/green.

Offset [arcsec] 0.0 -1.0
NGC 4151
22.0 Stellar Continuum 1.0
N 21.6" Lo5
o .
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o 212
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S 208"
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T 20.4" —
£ ()
s 2
8 200 (=) Stellar K Flux [107® W/m?] | €
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32.70° 32.60° 32.50°
Right Ascension (J2000) - 12" 10™
Fig. 6. Stellar flux derived from the spectral decomposition de-
scribed in the text. The non-stellar continuum is not on the same
flux scale. Corresponding continuum contours (20% and 50% of
the peak intensity) are denoted in yellow. North is up and east to
the left.

At this position the stellar continuum emission drops to a very
few percent (of the total continuum), and both peaks appear to
be unresolved, although the stellar continuum emission can be
traced farther out, where it reveals the stellar disk of NGC 4151.

5. Morphology of emission and absorption lines

NGC 4151 as a whole has been classified as a (R’)SAB(rs)ab
barred spiral (Sérsic & Pastoriza 1965). The inclination and PA
of the galactic disk have been determined from HI observa-
tions and optical observations to be i ~ 23° with a PA of 22°
(e.g. Davies 1973; Pedlar et al. 1992; Simkin 1975). The ob-
served HI dynamics and the orientation of the spiral arms in-
dicate that the galactic plane is closer to the observer at the
southeast. There is an inner bar with a PA ~ 130° deduced
from brighter isophotes (Davies 1973; Simkin 1975; Pedlar et al.
1992). Mundell & Shone (1999) and Mundell et al. (1999) con-
ducted HI observations that revealed an elliptical HI structure
with a diameter of a very few arcminutes around the nucleus
along a PA of about —60°, referred to as the oval. They concluded
that the oval is a kinematically weak bar along which the authors
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Fig.7. K-band image of NGC 4151 taken from Knapen et al.
(2003). The axes indicate the main kinematical axis (Main), the
radio axis (Radio), the orientation of the bar (Bar) and the direc-
tion of the NLR bicone axis (NLR).

detected inflow of gas to the nucleus, which may represent an
early stage of the fueling process. Farther inside at distances of a
few arcseconds around the nucleus, Fernandez et al. (1999) ob-
served emission of ro-vib transitions of H,. Observations made
with the Hubble Space Telescope in the optical ([OIII]A501 nm)
revealed a biconical emission morphology of the NLR with an
opening angle of approximately 30° at a PA of 60°, extend-
ing several arcseconds to either side of the nucleus (Evans et al.
1993; Hutchings et al. 1998; Kaiser et al. 2000). The orientation
of the galactic disk and the bicone as they appear on the sky
is shown in the next section in figure 17, where we discuss in
detail the dynamics seen in individual emission lines. Finally,
Mundell et al. (2003) observed the 21 cm continuum radio jet
that emerges from the nucleus and extends several arcseconds
from the nucleus with a PA of about 77°. The orientation of the
line-of-nodes of the galactic disk, the bar, the radio jet, and the
NLR bicone axis are shown in figure 7.

5.1. Extraction

Flux maps were extracted with FLUXER, an analyzation and
visualization tool for astronomical data cubes written in IDL.
Since most line profiles deviate strongly from a Gaussian, we
used the following method to extract flux maps: The continuum
around an emission line was fitted with a parabola and sub-
tracted from the spectrum. From the center of intensity position
within the line profile all spexels with increasing/decreasing
wavelength were summed as long as the spexel value in the
continuum subtracted spectrum was positive. Prior to extracting
the fluxes, we smooth each slice of the datacube with constant
wavelength with a boxcar to increase the S/N ratio, if noted.
Since the angular resolution therefore depends on the above
smoothing process, we usually added continuum isophotes of
50% and 20% of the continuum peak flux at the wavelength of
the emission line to our images. The wavelength dependence of
our angular resolution can also be inferred from the continuum
isophotes of figure 11, where no smoothing was applied.

5.2. Morphology

In the following we present and compare near-infrared emis-
sion line maps of e.g. Bryd2.16 um, ro-vib transitions of
molecular hydrogen, [Fell]11.644 um, [CaVIII[]42.321 um,
[SiVI]21.963 ym, and HelA2.058 um (the latter also appears in
absorption in nuclear spectra).
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Fig.8. All figures: North is up and east to the left. Radio
contours in levels of .5, 1, 2, and 4 mJy beam™! with a beam
size app. four times smaller than our angular sampling. Top:
[Fell]a1.644 um emission, [OIII]A501 nm emission contours
taken from Kaiser et al. (2000) in yellow and 21 c¢m radio con-
tours taken from Mundell et al. (2003) in white. Our naming
scheme for the prominent [Fell] emitting regions (F1-3) and the
21 cm radio continuum knots (R2E, R1E, R1W, R2W) is indi-
cated. Radio contours in levels of .5 and 1 mJy beam™! only.
Middle: Bry emission map extracted from a running aperture
of 3 x 3. [Fell] emission contours in red, 21 cm emission con-
tours in yellow. Inset: The inset shows Bry emission from the
nuclear region on the same flux scale. The orange contours rep-
resent continuum isophotes (50% and 20% of the peak value)
at the wavelength of Bry. Bottom: Integrated 1-0S(0-2) flux,
[Fell]A1.644 um, and 21 cm radio data taken from Mundell et al.
(2003). The H; data were extracted in the same way as the Bry
emission map, but using a running aperture of 3 x 3.
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5.2.1. Emission from within the NLR

We used emission of [Fell]A1.644 um (see figure 8, top) to trace
the NLR. The emission arises from a biconical structure with
a position angle of approximately 60° with a projected opening
angle of 75°. The emission morphology appears to be clumpy
and most of the emission is detected from the position of the
continuum peak. There is a clumpy arc of [Fell] located approx-
imately 1 arcsecond to the northeast extending north (region F1
hereafter), a knot approximately 0.5 arcseconds to the west (re-
gion F2), and another extended structure 0.75 arcseconds to the
southeast (region F3). Since [Fell] and [OIII] emission are both
assumed to be due to photoionization by the AGN (Knop et al.
1996), we overplotted the contours of [OIIT]A501 nm taken from
Kaiser et al. (2000) on our [Fell] flux map. The [OIII] emission
appears to be clumpy as well, with emission from the same [Fell]
regions as mentioned above, but also from beyond. The 21 cm
continuum radio data taken from Mundell et al. (2003) are also
overplotted in figure 8 (top). Their radio component D correlates
with the position of the AGN, and our data are aligned such that
the position of this radio component is identical with the posi-
tion of the bright continuum peak that we assume to be the AGN.
The radio emission extends linearly from the nucleus at a PA of
77°. In the case of NGC 4151 the radio jet is misaligned by 15°
with the NLR’s major axis if deduced solely from [Fell] or [OIII]
morphologies. Within our FoV we detect four bright radio knots
(plus the bright radio knot at the position of the continuum peak),
approximately 0.5 and 1.0 arcseconds to the east (regions R1E
and R2E) and 0.4 and 0.75 arcseconds to the west (regions RIW
and R2W) from the continuum peak. The knots closer to the nu-
cleus (the inner knots, with index 1) appear to extend roughly
linearly from the nucleus at a PA of app. 80°, while the knots
at larger distances (outer knots with index 2) seem to deviate
from this straight line to a PA of about 72°, causing the jet to
appear S-shaped. The outer eastern radio knot (R2E) correlates
well with the south end of the [Fell] arc (F1) and the inner west-
ern radio knot (R1W) correlates well with F2. Together with the
above mentioned misalignment of the jet with the main axis of
the NLR (based on the [Fell] and [OIII] morphologies), we con-
clude from these velocity-integrated flux maps that the excitation
in the NLR maybe partially enhanced by the jet. We discuss the
correlation of the radio jet with [Fell] emission at individual ve-
locities in the next section. We did not observe enhanced [Fell]
emission from the locations where deviations from the straight
jet axis occur.

At the nucleus the Bry emission line shows a prominent broad
component (with a Gaussian FWHM of several thousand km/s)
with a narrow component at the top. In the following we discuss
the narrow emission of Bry only. The morphology of Bry (figure
8, middle) appears to be less clumpy than [Fell] with smoothly
distributed emission along the NLR. The emission peak in Bry is
located approximately 10 pc to the northwest at a PA of -50° of
the continuum peak (see the inset in figure 8, middle). We detect
Bry emission knots at the locations of the [Fell] knots F2 and F3
(all to the west of the nucleus), but not at locations where the 21
cm radio continuum is prominent. However, Bry isophotes seem
to extend along a PA of about 70° and to locations where the in-
ner radio knots are observed.

The Hel n = 2' P—n = 2!S at2.0581 um emission line in nuclear
spectra is accompanied by a blueshifted optically thin absorption
complex that is marginally resolved in the spectra presented by
Riffel et al. (2000).
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Fig.9. Hel12.0581 um line complex.

Top: Continuum-subtracted line complex of Hel extracted from
a circular aperture with a radius of 400 milli-arcseconds centered
on the nucleus; data are plotted in black, the fitted Lorentzian
absorption and Gaussian emission components are plotted in
red, total fit plotted in green. The continuum was fitted with a
parabola using emission/absorption-free wavelength channels to
the left and to the right of the line complex. Below the extracted
line complex we plot the telluric spectrum around the Hel line
complex. In this spectral regime the atmospheric transmission
drops to about 75%, as indicated.

Middle and bottom: Hel emission (middle) and absorption flux
(bottom) derived from the three-component fit, as explained in
the text. To increase the S/N we used a running aperture of 5 X
5 prior to extraction. Continuum isophotes are marked in yellow
at the wavelength of Hel for 20% and 50% of the continuum
peak intensity. North is up and east to the left. Radio contours
in emission map in levels of .5, 1, 2, and 4 mJy beam™! with a
beam size about four times smaller than our angular sampling.
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Fig. 10. Radial profiles of the Hel12.0581 ym emission and ab-
sorption and continuum flux at the position of the Hel line.

The atmospheric transmission around that emission line highly
depends on wavelength (see the telluric spectrum in figure 9,
top). Hence, a proper telluric correction is critical and was per-
formed as described in the data reduction section to ensure
a smooth continuum around the line complex. Figure 9 (top)
shows the continuum-subtracted spectrum around the Hel com-
plex extracted from a circular aperture with a radius of 400
milli-arcseconds centered on the nucleus. To extract the flux and
determine the amount of absorption, we fit a Gaussian emis-
sion component and two Lorentzian absorption components to
the line complex. The results of our fits (flux, Gaussian and
Lorentzian widths, equivalent widths, and column densities de-
rived from the absorption component) are summarized in table
3. The deeper absorption component is blueshifted by -280 km/s
and the weaker by -1150 km/s. However, we detect the absorp-
tion component with the larger velocity offset everywhere in our
FoV, which indicates that this component is a residual in our data
reduction.

Figure 9 (middle and bottom) shows the derived Hel morphol-
ogy (integrated emission and absorption) deduced from our fits.
The emission component extends into the direction of the NLR
and is well comparable with the Bry emission morphology with
two exceptions: the Hel emission peaks at the position of the
continuum peak, and we observe no significant Hel emission
at F3, where [Fell] and Bry are bright. The integrated absorp-
tion component peaks at the nucleus but remains unresolved (as
indicated by a radial plot of the continuum and the integrated
absorption flux in figure 10). The Hel absorption seems to be a
local feature of the nucleus, occurring closer to it than the reso-
lution limit of our observations (a few parsecs).

5.2.2. Emission from beyond the NLR

In contrast to the morphologies of Bry and Hel, which extend
into the NLR, the H, morphology is completely different and ex-
tends nearly perpendicular to the NLR, thus avoiding the NLR
(see Fig. 8, bottom). The H, emission is most pronounced along
a PA of about -50° and is roughly aligned with the bar and the
galaxy minor axis. In the northwestern region the H, emission
appears to be clumpy on scales of a few pc and reveals a shell-
like structure. In the southeast the emission appears to be less
clumpy. Toward the south of the inner shell-like structure in the

northwest, at the edge of our field-of-view, the H, emission in-
creases such that the H, emitting region is not fully sampled by
our FoV. There is a remarkable correlation between parts of the
H, emission morphology and the 21 cm continuum radio jet.
Deviations from the straight radio jet axis (drawn from the inner
jet knots) occur exactly at the edges of bright H, clouds (see es-
pecially the radio knot associated with the southern extension of
the outer shell in the northwest). Following Wilson & Ulvestad
(1982), we propose that the 21 cm radio is indeed arising from
regions in space where H, gas in the galactic disk is rotating
clockwise (Mundell et al. 1995) into the path of the jet, giving
rise to the remarkable interaction zones. The [Fell] emission
does not originate from the same regions on the sky as the H,
emission, which is compatible with the assumption that emission
from the NLR originates from regions exposed to the radiation
field of the AGN where H, molecules dissociate.

Although our FoV does not sample the full inner two arcseconds
due to its X-shape, the H, emission does not extend significantly
beyond our FoV (see Storchi-Bergmann et al. 2009). It is pos-
sible that the pronounced H, emission morphology represents
another feeding stage of the HI bar observed by Mundell et al.
(1999) but closer to the nucleus. These authors detected an oval
distortion in the inner two arcminutes resembling a rotating, in-
clined HI ring or disk (see their figure 5), referred to as the
oval. However, the velocity field of the oval differs significantly
from a rotating, inclined disk because the isovelocity contours
are elongated along the oval. Additionally, Mundell et al. (1999)
detected bright HI regions close to the leading edges of the oval
whose kinematics shows signature of a bar shock. From this they
concluded that the oval is a kinematically weak bar. Subtracting
a radial velocity field of purely circular rotation reveals that gas
may stream along that bar at a PA of -60° toward the nucleus
(Mundell & Shone 1999), which they interpreted as an early
stage of the fueling process. The position angle of this bar is
-60° and thus roughly coincides with the position angle drawn
from the most prominent H; regions. It is possible that the ob-
served emission of Hj is at least enhanced by this inflow of gas
to the central 200 parsecs. There is also a weak bridge of hot H,
gas between the two large gas reservoirs to the southeast and the
northwest that runs through the nucleus.

5.2.3. Coronal emission lines

NGC 4151 is an archetypical Seyfert galaxy, and strong emission
of coronal lines in [CaVIII] and [SiVI] is detected. The [CaVIII]
emission profile is strongly affected by the CO3-1 absorption
bandhead. The continuum emission was modeled with the spec-
tral decomposition algorithm prior to extracting the [CaVIII]
channel map. The emission line profiles of [CaVIII] and [SiVI]
(see figure 12) are very similar, but show a very weak blueshifted
hump compared to the much narrower 1-0S(1) line. Fitting two
Gaussians to the coronal emission line reveals a broader compo-
nent that is marginally blueshifted by one spectral channel (app.
35 km/s). The FWHMs are 950 km/s of the broader and 230
km/s of the narrower component (not corrected for instrumen-
tal resolution). The considerable broadening of the blueshifted
component may indicate that the [CaVIII] emission at least par-
tially arises from a shock-excited region close to the nucleus
(Prieto et al. 2005).

The morphology of the [CaVIII] and [SiVI] emission is shown
in figure 11. Extended emission from both species is detected
(at systemic velocity) from the NLR at distances of up to 50 pc
from the nucleus. This may imply an energetic radiation field in
the galactic plane of NGC 4151 that is possibly due to a clumpy
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Table 3. Results of the fit to the nuclear HelA 2.0581 um complex. The corresponding spectrum is extracted from a circular aperture
with a radius of 400 milli-arcseconds centered on the nucleus. The fit is explained in the text. The calculation of the column density

of the lower state of this transition is described in section 7.2.

Component
v [km/s]

Gaussian o or Lorentzian HWHM [km/s]

Flux [107'® W/m?]

EW [A]

Column density for Cj,,=1 [cm™?]
Minimum C;,

Column density for minimum Cy,, [cm™2]

Emission  Absorption
10 -280
160 404
7.4 27.1
2.1 7.7
5.4 x 10"
0.09
1.1 x 10"

obscurer of the nuclear radiation field. Emission of both species
peaks close to the nucleus. However, a closer inspection of the
dataset with 20 milli-arcsecond sampling (see inset in figure 11,
top) reveals that e.g. the [CaVIII] peak is located approximately
6 parsecs to the west of the continuum peak and that both peaks
are resolved. The peak in the [SiVI] emission map seems to be
less pronounced than the [CaVIII] peak, but the performance of
the AO is wavelength dependent, as indicated by the more ex-
tended continuum contours in the [SiVI] image that pretend dif-
ferent morphologies.

To test whether the two species are differently distributed, the
[CaVIII] emission map was convolved with a Gaussian seeing
disk such that the continuum maps at the wavelengths of [SiVI]
and [CaVIII] match (not shown). The convolution of the maps
reveals that both emission peaks are almost equally extended
and are located to the west of the continuum peak, which very
roughly coincides with the nuclear Bry peak. These emission
peaks may represent interaction zones of outflowing material
with gas a few parsecs away from the nucleus.

We summarize that we did see [Fell], Bry and Hel most pro-
nounced along the NLR, with the H, gas strictly avoiding
the NLR. Coronal emission lines indicate a wind and peak a
few parsecs to the west of the nucleus. A comparison with
the results presented in Storchi-Bergmann et al. (2009) and
Storchi-Bergmann et al. (2010) indicates that our observations
have a slightly higher angular resolution such that elongated
isophotes in the coronal line emission appear to be resolved in
our observations (see e.g. the [CaVIII] peak in figure 11, top).
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Fig. 11. [CaVIII] (top) and [SiVI] (bottom) emission morphol-
ogy extracted from every spaxel. The yellow contours repre-
sent continuum isophotes at the wavelength of [CaVIII] for 20%
and 50% of the continuum peak intensity. The inset (top figure)
shows a [CaVIII] emission map derived from the data set with a
sampling of 20 milli-arcsecond per pixel. North is up and east to
the left.
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Fig.12. Emission line profiles of [CaVIII], [SiVI], Bry, (ex-
tracted from the nucleus with a circular aperture with a radius
of 400 milli-arcseconds), 1-0S(1) (extracted from the eastern H,
region) and a krypton calibration lamp line at 2.148 um. The
spectra were continuum-subtracted by fitting a parabola to wave-
length channels to the left and right of the emission lines. In the
case of [CaVIII] the continuum was modeled as described in
Appendix C to account for absorption of stellar CO bandheads.
The emission lines were shifted in velocity to the center of in-
tensity.
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6. Dynamics of gas in the NLR

The dynamics of gas in the NLR of NGC 4151 has been subject
of various studies, e.g. Crenshaw etal. (2000a), Das et al.
(2005) and Storchi-Bergmann et al. (2010). Here, the centroid
velocities along the line-of-sight of individual clouds were
determined by fitting the emission line profiles with, e.g.,
multi-Gaussian profiles. The geometry of the volume into which
the clouds expand was modeled as a radial outflow where
the central obstructing torus confines the flow into a bicone.
Assumptions about the mechanism that drives the movement
of clouds in the NLR (acceleration or simple ejection) are
formulated as the velocity-distance law that relates the radial
velocity of clouds with the distance from the nucleus. From the
geometry and the velocity distance law one can set up a model
to predict possible velocities of clouds in the NLR that can be
compared with measured centroid velocities.

The aim of this section is to determine the dynamics of the
NLR as traced by [Fell]11.6440 ym and to compare our
measurements with the results presented in Das et al. (2005)
and Storchi-Bergmann et al. (2010). We adopted the geometries
and velocity-distance laws presented in these papers and fit two
Gaussians to the emission line profiles in our FoV to determine
the centroid velocities. We compared the measured centroid
velocities and model predictions in terms of position velocity
diagrams.

We begin discussing the dynamics of [Fell] with present-
ing emission line profiles and quantities derived from single-
Gaussian fits. Then we discuss channel maps, position veloc-
ity diagrams, and results from our fits to emission line pro-
files in our FoV and compare the found centroid velocities
with the model predictions proposed by Das et al. (2005) and
Storchi-Bergmann et al. (2010). Finally, channel maps and po-
sition velocity diagrams of narrow Bry42.166 ym and H, 1-
0S(1)A2.122 um are presented and discussed.

6.1. Emission line profiles, channel maps, and position
velocity diagrams

The emission line profiles of [Fell] in our FoV generally deviate
from a single-Gaussian profile (figure 13). At distances larger
than approximately 0.5 arcseconds from the nucleus and along
the NLR at a position angle of 60°, line profiles with a compo-
nent at the systemic velocity of the galaxy and another compo-
nent that shows up as a blueshifted or redshifted hump to the
line profile can be observed. Within our FoV we detect emis-
sion at velocities of up to +500 km/s in the northeast and up to
-250 km/s in the southwest. At and around the nucleus the line
profile appears to be symmetrical, while at other positions the
line profile is composed of two (or more) components.

The velocity and Gaussian dispersion of [Fell] derived from
single-Gaussian fits are shown in figure 14. The velocities are
generally redshifted to the northeast and blueshifted to the
southwest with respect to the systemic velocity. At the nucleus
the emission generally emerges with systemic velocity. At a
distance of 1 arcsecond to the nucleus velocity offsets of about
400 km/s (see figure 14, middle) are observed in the direction
of the NLR at a position angle of 60°. Because the most
extreme velocities observed in [Fell] exceed those predicted by
simple rotation by a factor of 10 2, this kinematical signature is

2 assuming that the dynamics is dominated by a massive point-like

object at the position of the nucleus with a mass of 5 x 107 M, , see
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Fig. 13. [Fell] emission line profiles extracted from apertures of

385 x 385 milli-arcseconds. [Fell] emission from the nucleus in

red. North is up, east to the left. The x-axis represents -1000 km/s

to +1000 km/s. The thickness of the emission line profiles scales
with flux to guide the eye.

attributed to an outflow. The derived [Fell] velocities and dis-
persions together with [OIII]A501nm velocities and dispersion
from selected clouds taken from Kaiser et al. (2000) are shown
in figure 14. Velocities and dispersions agree well except that
the [OIII] velocities exceed the [Fell] velocities at some very
few positions and at the edge of the NLR by several hundred
km/s. These high-velocity [OIII] clouds have been subject
to speculations, but because generally the morphology and
dynamics of [Fell] and [OIII] are comparable, the excitation
mechanism for the two species is the same (photoionization
by the central AGN). Generally, the jet may drive this outflow,
and the 21 cm radio continuum jet (Mundell et al. 2003) is
additionally shown in figure 14. The jet is clearly misaligned
with the direction of the most extreme velocities in our velocity
fields such that the jet may not be the dominant source for
the kinematical features observed. Moreover, no increase in
dispersion caused by higher turbulance where the jet collides
with the ISM is observed (see figure 14, bottom). Instead, the
dispersion derived from single-Gaussian fits is increased at
locations where the [Fell] velocity field shows strong gradients,
indicating that the line profile becomes asymmetrical.

To better illustrate the dynamics in [Fell] and its relation to
the jet, channel maps and position velocity diagrams of [Fell]
are shown in figure 15. The channel maps are separated by
100 km/s, the white contours represent 10%, 25%, 40%, and
55% of the [Fell] peak intensity to guide the eye, and the
nucleus is located at position 0,0. The channel maps centered on
-300 km/s and +300 km/s show an outflow from the nucleus to
the southeast directed toward the observer and to the northwest
directed away from the observer with prominent emission at
systemic velocity. It is possible that the jet locally enhances
emission in [Fell], and the 21 cm continuum radio contours are
also shown in our channel maps. At about systemic velocity,
[Fell] and radio emission correlate at positions F1 and F2. In
channel maps centered on high-velocity offsets (e.g. -300 km/s),
the correlation is rather weak such that the high-velocity gas
seems to be unaffected by the jet. If emission at systemic

e.g. Onken et al. (2007), the rotational velocity for an edge-on disk at a
projected radial distance of 70 pc is only 56 km/s instead of the observed
500 kmy/s
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Fig. 14. [Fell]A1.644 um velocity and dispersion field derived
from single-Gaussian fits. The black box indicates our FoV.
North is up and east to the left. Gray contours represent [Fell]
flux isophotes to guide the eye.

Top: [Fell]11.644 um velocity field, 21 cm radio contours in red
(.5, 1, 2 and 4 mJy beam™' with a beam size about four times
smaller than our angular sampling) taken from Mundell et al.
(2003), and [Fell]11.644 um contours in gray. Numbers in the
plot indicate velocities of prominent [OIII] clouds (taken from
Kaiser et al. 2000).

Bottom: [Fell]21.644 um dispersion field, 21 cm radio con-
tours in red (.5, 1, 2 and 4 mJy beam™' with a beam size
app. four times smaller than our angular sampling) taken from
Mundell et al. (2003), and [Fell]21.644 um contours in gray.
Numbers in the plot indicate dispersions of prominent [OIII]
clouds (taken from Kaiser et al. 2000).

velocity is enhanced by the jet, the inclination of the jet must be
comparable to the inclination of the galactic disk.

To determine how the velocity of redshifted and blueshifted
emission components varies with distance from the nucleus,
we assumed that the outflow is directed toward the brightest
[Fell] emitting knots at a PA of 60° and constructed the position
velocity diagrams shown in figure 15. These are extracted from
pseudoslits with a width of 0.105 arcseconds aligned at a PA
of 60° and are offset by multiples of the pseudoslitwidth. For
all pseudoslit offsets prominent emission at systemic velocity,
i.e., emerging from the galactic disk, is observed. Emission
at other velocities along the pseudoslit seems to increase with

distance to the nucleus along the pseudoslit. For the pseu-
doslit centered on the nucleus (Y offset of 0 arcseconds), for
instance, we observe emission at +400 km/s at approximately
-1.25 arcseconds from the nucleus along the pseudoslit and at
-250 km/s at a distance of +0.7 arcseconds. These numbers
indicate that the velocities observed may scale linearly with dis-
tance to the nucleus, but we investigate this below in more detail.

6.2. Multi-Gaussian fits to the [Fell] emission line profile

To separate the dynamics of the disk from that of the NLR, we
followed Das et al. (2005) and Storchi-Bergmann et al. (2010)
and decomposed the emission line profiles in the NLR into mul-
tiple Gaussians.

The spectral resolution of our data allows a decomposition into
two Gaussian components, although Das et al. (2005) reported
the need for more than three components on selected locations
but using spectra with R~9000. To additionally increase the S/N
in our data, each slice of the datacube with constant wavelength
was convolved with a Gaussian seeing disk with a FWHM of
0.14 arcseconds. The underlying continuum was fitted locally
with a parabola in each spectrum and was subtracted before
fitting the emission line profile. To facilitate the comparison
between this and previous studies, the fit was constrained to
a double-Gaussian fit where both Gaussians have an identical
FWHM where applicable.

The results of the fits to the [Fell] line profiles are shown
in figure 16. To illustrate the quality of the fits, emission line
profiles and the corresponding fits from selected positions (A-D)
in our FoV are also shown. In the case of single-Gaussian fits
the centroid velocities VS are usually close to systemic with
the exception of the very southwest, close to region F3 (figure
16, top left). The single-Gaussian dispersion oS varies between
150 and 200 km/s, but is increased in regions where the line
profile becomes asymmetrical (figure 16, middle row, left). In
the case of a double-Gaussian fit, the centroid velocities closer
to systemic VL (figure 16, top row, right) are usually close
to systemic too, indicating that emission from the outflowing
[Fell] is usually blended with emission from the galactic disk.
However, at position A, which corresponds to the western end
of region F1, VL deviates from systemic (see the corresponding
line profile in figure 16, where the component closer to systemic
is clearly redshifted). This component cannot be attributed to
the jet or the disk but may originate from the front side of the
eastern bicone. The centroid velocities farther from systemic
VH (figure 16, top middle) range from nearly 600 km/s at
position A to -300 km/s at position D (which corresponds to
region F3). The derived velocities are typical for emission from
the back-side of the eastern bicone especially at position A. It
is notheworthy that at position A the dispersion derived from
double-Gaussian fits is increased (figure 16, middle middle),
either due to intrinsically broadened emission or additional
unresolved components from the disk. At the brightest [Fell]
emission knot in region F1 the radio jet is prominent. Although
VH is close to systemic there, it might represent gas that collides
with the jet. To investigate whether the gas is accelerated or
simply ejected from the nucleus, we show in figure 16 (middle
right) the derived centroid velocities as a function of distance
from the nucleus along the direction of the NLR at a PA of 60°.
From this figure acceleration in the NLR cannot be ruled out
because the centroid velocities seem to increase with distance at
least in the inner 0.5 arcsecond. Beyond that radius the velocities
seem to increase no more at velocities around 400 km/s in the
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Fig.15. Top: [Fell]A1.644 ym channel maps. Radio contours overplotted in gray (.5, 1, 2 and 4 mJy beam™' with a beamsize
about four times smaller than our angular sampling). The white contours are 10%, 25%, 40%, and 55% of the [Fell] peak intensity.
Velocity ranges are given in km/s. North is up and east to the left.

Bottom: Position velocity diagrams of [Fell]11.644 um extracted from pseudoslits oriented along the NLR with a PA of 60°. The
Y Offset is the angular offset of the pseudoslit with respect to the nucleus. Along the pseudoslit, position 0 indicates the position of
the continuum peak. Contours represent 10%, 25%, 40%, and 55% of the [Fell] peak intensity.
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Fig.16. [Fell] dynamics as derived from single- and double-Gaussian fits. All slices with constant wavelength of the datacube were
convolved with a Gaussian seeing disk with a FWHM of 0.07 arcseconds. The cross denotes the position of the continuum peak.
Mayor tick marks in the velocity and dispersion fields correspond to 0.50 arcseconds. Letters A to D mark positions from which the
spectra shown in the last row were extracted. The black line indicates the position angle of the bicone of 60°.

Top: Centroid velocities from single-Gaussian fits, VS (left), high/low velocity component from double-Gaussian fits, VH/VL
(middle/right). The contours in the middle image in this row represent the 21 cm radio continuum contours (Mundell et al. 2003) at
levels of .5, 1, 2, and 4 mJy beam™! with a beam size about four times smaller than our angular sampling.

Middle left and middle: Gausian dispersions of the single- and double-Gaussian fits (oS and oH).

Middle right: Centroid velocity of our fits as a function of distance from the continuum peak along the NLR at a position angle of
60°. Black/red/blue points represent the centroid velocities derived from single-Gaussian fits and high- and low-velocity components

in case of double-Gaussian fits.

Bottom: [Fell] line profiles extracted from various regions with Gaussian fits overplotted. Measured line profile in black, single-
Gaussian fits in green, combined double-Gaussian fits in yellow, the low/high velocity component of the double-Gaussian fit in

red/blue.

northeast and -250 km/s in the southwest. However, to the
southwest the dispersion of [Fell] line profiles fitted with a
single Gaussian is increased, which implies that the two profile
components remain unresolved such that we actually do not see
acceleration to the southwest.

6.3. Comparison with existing NLR models

The dynamics of the NLR of NGC 4151 has been the subject
of various studies, e.g. Crenshaw et al. (2000a) and Das et al.
(2005) who used the STIS slit-spectrograph on-bord the Hubble
Space Telescope, and Storchi-Bergmann et al. (2010) who used

near-infrared imaging spectroscopy at the GEMINI telescope.
The models by Crenshaw et al. (2000a) and more recently by
Das et al. (2005) state that [OIII] emission primarily arises from
a hollow bicone that is inclined at 45° to the plane of the sky
at a PA of 60°. The inner/outer opening angles are 15° and 33°
and emission is primarily seen to emerge from between the two
bicones. The southwestern part of the bicone points toward the
observer, the northeastern part points away from the observer.
Because the inclination of the galactic disk is about 22° (with
a PA of the line-of-nodes of about 25°, Pedlar et al. (1992)),
one side of the bicone is more deeply embedded in the galactic
disk than the other (see figure 17, top, for the orientation of
the galactic disk and the bicone). The [OIII] data presented
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Fig.17. Orientation of the galactic plane and the NLR bicone
as they appear on the sky and viewed along the galactic plane of
NGC 4151 (according to the model by Das et al. (2005)). Only
the outer bicone with an opening angle of 33° is shown.

in Crenshaw etal. (2000a) and Dasetal. (2005) indicates
acceleration in a nuclear outflow within these two bicones
although the origin of this mechanism remains unclear. These
authors proposed a velocity-distance law in which the velocity
v and the radial distance r to the nucleus are proportional.
Acceleration takes place up to a maximum radial velocity of
800 km/s at a maximum radial distance of 96 pc. At this distance
the ejected material begins to interact with the surrounding
interstellar medium such that it decelerates to systemic velocity
at a distance of 400 pc. The predicted velocities on the surfaces
of the nearer and farther surface of the inner and outer bicone
are presented in figure 18. In this model, typical velocities
observed at that side of the bicone that is closer to the plane
of the sky are about 200-300 km/s, while velocities on the side
pointing away from the galactic disk are higher than 500 km/s.

The models presented by Storchi-Bergmannetal. (2010) are
based on the geometry of the model by Das et al. (2005). The
authors present position velocity diagrams of [SII]20.9533 ym
extracted from pseudoslits extending four arcseconds to either
side of the nucleus (see their figure 10). These indicate that de-
viations from the linear velocity-distance law do occur because
the gas seems to move with nearly constant velcocity at distances
larger than approximately 0.75 arcsecond from the nucleus in all
pv-diagrams. This motivated the authors to modify the velocity-
distance law to a constant with a velocity of 600 km/s, such that
clouds are simply ejected from the nucleus and are not acceler-
ated/decelerated in the NLR. Predicted velocities on the surfaces
of the nearer and farther surface of the inner and outer bicone
are shown in figure 18 (row 2) and the straight, radial isoveloc-
ity contours clearly distinguish this model from the acceleration
model. But the main difference between the two models becomes
more obvious in pv-diagrams extracted from pseudoslits aligned
with the mayor axis of the modeled bicone (see figure 18, row
3 and 4). The acceleration model allows higher velocities within
0.5 arcseconds to the nucleus because the maximum radial ve-
locity in this model is higher than in the constant-velocity model
and occurs at the surfaces of the farther/nearer side of the bicone
that are closer to our line-of-sight. At larger distances to the nu-
cleus the velocities from the farther and nearer side of the bicone
recede to systemic. In contrast, the constant-velocity model pre-
dicts constant velocities for all distances to the nucleus only de-
pending on the inclination of the cloud path outward relative to
the line-of-sight. Storchi-Bergmann et al. (2010) also presented
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Table 4. Geometry and velocity-distance laws. Das et al. (2005):
Acceleration to V,ux@r1, the maximum radial velocity, occurs
at radius R1 and deceleration back to systemic velocity occurs
at radius R2. Storchi-Bergmann et al. (2010): Constant ejection
velocity VC without emission beyond a radial distance of R.

Geometry
Position angle 60 °
Inclination 45 ° (southwestern is closer)
Inner/outer opening angle 15°/33¢°

Velocity law according to Das et al. (2005)

Vonax@ri 800 km/s
R1/R2 96 pc /400 pc
Constant velocity law according to Storchi-Bergmann et al. (2010)
VvC 600 km/s
R 400 pc

pv-diagrams of [Fell] in which this constant velocity law is less
obvious. However, the morphology and dynamics based on posi-
tion velocity diagrams of our and their [Fell] observations agree
very well, although our FoV only samples the inner 2.5 arcsec-
onds. Since the [SII1]10.9533 um emission line is not within our
wavelength range, we used the [Fell] emission line instead to
trace the dynamics. Furthermore, to facilitate a comparison be-
tween our results and the results obtained by Das et al. (2005)
and Storchi-Bergmann et al. (2010), we used exactly the same
geometry and the same velocity-distance laws as summarized in
table 4.

Figure 19 shows all derived centroid velocities in terms of
position velocity diagrams. The pseudoslits are aligned with
the modeled bicone and have a width of 0.105 arseconds.
The green and red contours in this figure are the allowed
velocity ranges according to the models by Das et al. (2005)
and Storchi-Bergmann et al. (2010). On average, both models
cover the same 80% of the allowed velocity ranges for all
pseudoslit offsets. The main difference between the models can
be observed for pseudoslit offsets around 0.2 arcseconds around
the nucleus. Here, emission at +400 km/s for distances larger
than approximately 0.5 arcseconds (depending on the pseudoslit
offset) is not expected according to the constant-velocity model,
while it is allowed in the acceleration scenario. For positive
pseudoslit offsets we actually do observe emission around
400 km/s at distances along the pseudoslit of -1.0 arcsecond
(corresponding to position A and B in figure 16), while on the
opposite side of the pseudoslit and for comparable negative
pseudoslit offsets we only observe velocities around -250 km/s
(corresponding to position D).

Taking only centroid velocities from the high-velocity compo-
nent of the double-Gaussian fit and from single-Gaussian fits
with velocity offsets greater than 150 km/s into account, the
acceleration model by Das et al. (2005) complies with 79% of
all centroid velocities measured in [Fell], while the constant-
velocity model by Storchi-Bergmann et al. (2010) only complies
with 66% of all measured centroid velocities. Applying flux
values from the individual profile components derived from our
fits as weights results in a match of 80% for the Das et al. (2005)
model and 74% for the Storchi-Bergmann et al. (2010) model.
The velocity signatures of the high-velocity component for all
pseudoslit offsets at negative positions along the pseudoslit
rather indicate acceleration along the slit up to a position of
approximately -1 arcsecond. Beyond that point, the gas clearly
seems to decelerate. Considering the latter and the numbers
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Fig. 18. Extreme velocities from the bicone surfaces and position velocity diagrams extracted from the models by Das et al. (2005)

and Storchi-Bergmann et al. (2010).

Row 1: Velocities on the bicone surfaces that are nearer and farther to the observer according to the Das et al. (2005) model. Color
scales from -700 km/s (blue) to 700 km/s (red), contours are in steps of 100 km/s. Major tick marks correspond to 0.5 arcseconds.

The surfaces shown cover our FoV. North is up, east to the left.

Row 2: Same as row 1 for the constant-velocity model by Storchi-Bergmann et al. (2010).

Row 3: Position velocity diagrams extracted from pseudoslits aligned along the NLR at a position angle of 60 ° according to the
Das et al. (2005) model. The slitwidth/slitlength is 0.15/5 arcseconds and the pseudoslits are moved -0.2, 0, 0.2, and 0.4 arcseconds
away from the nucleus perpendicular to the direction of the NLR. The black area indicates the region in the pv-diagram from which
emission is expected according to the model. Note that our observations only cover the inner arcsecond.

Row 4: Same as row 3, but for the constant-velocity model by Storchi-Bergmann et al. (2010).

presented above, we assume that the gas is accelerated within
the inner 1 arcsecond.

We also checked if the constant-velocity model can be modified
that it fits our result better. Changing the ejection velocity only
stretches the regions of allowed velocity ranges in the position
velocity diagrams such that emission from either positions A
and B or D do not match the model. Changing the systemic
velocity (redshift) would shift the allowed velocity ranges in the
constant-velocity model symmetrically up and down, but this
would leave us with the same problems.

The jet may also contribute to the observed low-velocity
kinematics of the gas through interactions of the jet with gas
in the galactic disk. The blue profiles in figure 19 indicate the
21 cm radio intensity within the extracted pseudoslits. The
high-velocity gas does not correlate with the radio intensity
in the northeast (at negative distances along the pseudoslits)
for all pseudoslit offsets but in the southwest (at positive
distances along the pseudoslits) for pseudoslit offsets of +0.31
to +0.11 arcseconds at distances around +0.75 arcseconds. The
low-velocity gas seems unaffected except for a pseudoslit offset
of -0.21 arcseconds at a position of around -1.0 arcseconds.

This position coincides with the radio knot R2E in figure ??2.
Thus, the jet at least partially enhances emission in [Fell]. The
high-velocity components for pseudoslit offsets of +0.21 to
0.00 arcseconds at negative pseudoslit positions do not correlate
with radio emission. These components are not predicted by
the constant-velocity model and cannot be explained in terms
of jet enhancements. However, in the acceleration model these
components can be explained in terms of gas decelerating
because of collisions with the ISM.

In total, the acceleration scenario seems to fit the measured
[Fell] kinematics in the inner 1 arcsecond better than the
constant-velocity scenario.

6.4. Dynamics in Bry and H,

Channel maps and pv-diagrams of Bry and H, are presented in
figures 20 and 21. In contrast to [Fell], the Bry channel maps ap-
pear to be less clumpy and emission primarily emerges with sys-
temic velcocity extending toward a PA of approximately 80°. A
low-velocity component at about -250 km/s can be observed that
spatially and dynamically coincides with the southwestern [Fell]
knot 60 pc to the west, but the correlation between the [Fell] and
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Fig.19. Position velocity diagrams of 0.105 arsecond wide pseudoslits aligned with the NLR at a PA of 60° extracted from the
modeled datacube that contains emission from the single- and double-Gaussian fits to the emission line. AY denotes the separation
of the pseudoslits in arcseconds. For AY=0 the pseudoslit covers the nucleus. The green/red contours indicate the allowed regions
according to the velocity laws by Das et al. (2005) and Storchi-Bergmann et al. (2010), where tick marks point in the direction of
forbidden velocity ranges. The slightly staggered arrangement of the model calculations is not real but is rather due to calculations
performed on a grid. The cross marks the center position of the pseudoslit and coincides with the position of the nucleus. 21 cm

radio continuum emission along the pseudoslits is plotted in blue.

Bry channel maps, especially to the northeast of the nucleus, is
low. Instead, emission emerging with about +200 km/s nearly
north to the nucleus at a PA of 20° can be observed. This re-
gion is still located within the NLR and may be attributed to the
outflow. It is noteworthy that the Bry channel maps presented
by Storchi-Bergmann et al. (2010) show the very same behav-
ior. Farther in, at the position of nucleus, the slightly curved
isophotes in the pv-diagram (for a Y offset of 0 arcseconds) may
indicate an inflow. This inflow can also be observed in the inset
of figure 22, where the Bry velocity field as derived from single-
Gaussian fits is shown. The inflow can be traced to either side of
the nucleus up to distances of about 20 parsecs at a PA of -45°,
which is nearly perpendicular to the outflow observed in [Fell]
and deviates only about ~20° from the PA of the mayor H; emit-
ting regions. The orientation of the galactic disk (see figure 17)
is well compatible with an inflow within the galactic disk maybe
from the larger H, reservoirs seen in figure 21. However, the
symmetry of the velocity signature may also imply a rotating but
dynamically decoupled disk around the black hole. Considering
the angular resolutions provided by our observations, it is hardly
possible to distinguish the two scenarios.

The H, gas morphology is completely different from Bry or
[Fell]. H, seems to emerge primarily at systemic velocity, thus
from within the disk, but avoiding the NLR. At the position of
the low-velocity component at -250 km/s seen in Bry and [Fell],

H, emission at about the same velocity is observed, but not the
increase in velocity to the north of the nucleus. Investigating the
H; channel maps presented by Storchi-Bergmann et al. (2010)
we see the same behaviour (see their channel map centered
on -270 kmy/s). To investigate the dynamics in Bry and H, in
more detail, we fitted the emission line profiles with a double
Gaussian. The results are shown in figures 23 and 24. The emis-
sion line profiles at the position of the bright western [FelI] knot
are clearly double-peaked with one profile component at sys-
temic and another at about -250 km/s, i.e., similar to what is
observed in [Fell]. Again, emission at systemic and/or low ve-
locities at this position may be locally enhanced by the jet. To
the north the Gaussian dispersion in Bry is increased (see figure
23, Bry line profile at position J), indicating that the individual
profile components remain spectrally unresolved.
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Fig. 20. Bry channel maps and position velocity diagrams. Prior to extraction all slices with constant wavelength of the datacube
were convolved with a Gaussian seeing disk with a FWHM of 0.10 arcseconds.
Top: Channel maps. 21 cm radio contours in gray (.5, 1, 2, and 4 mJy beam™' with a beam size about four times smaller than our
angular sampling) and the white contours are 10%, 25%, 40%, and 55% of the Bry peak intensity. Velocity ranges are given in km/s.
North is up and east to the left.
Bottom: Position velocity diagrams extracted from pseudoslits oriented from east to west. The Y offset is the angular offset of
the pseudoslit with respect to the nucleus. Along the pseudoslit, position 0 indicates the position of the continuum peak. Contours
represent 10%, 25%, 40%, and 55% of the Bry peak intensity.
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Fig. 21. Same as figure 20, but for 1-0S(1).
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Fig. 23. Same as figure 16, but for Bry. All slices with constant wavelength of the datacube were convolved with a Gaussian seeing
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Fig. 24. Same as figure 16, but for 1-0S(1). All slices with constant wavelength of the datacube were convolved with a Gaussian
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Fig. 25. Population density as function of upper level energy.
Triangles denote data points, error limits are indicated by
crosses.

7. Column densities and excitation mechanisms

In this section we investigate the excitation mechanism of hot H,
and derive column densities and the total mass of hot H,. We fur-
thermore determine the mass of ionized hydrogen and estimate
a lower limit of the column density of the Hel 2!S state.

7.1. H,
7.1.1. Column densities and population density diagram

Because there is little Hy emission from inside the NLR bicone,
it is reasonable to assume that the H, molecules dissociate in the
radiation field of the AGN while H, molecules, for which the
AGN is hidden behind the putative molecular torus, survive and
are excited. The emission of H, is most pronounced along the
direction of the resolved flux density ratio map (figure 4), which
roughly coincides with the bar.

Storchi-Bergmann et al. (2009) detected more than 10 H
emission lines from J to K band and concluded from a
population-level diagram that a thermal excitation mechanism
dominates. In our spectra only the 1-0 series is detectable
with high confidence, although emission from the 2-1 series is
detectable with lower confidence.

The column density can be derived from

4rl
N, col = Ahv 5
(Beckwith et al. 1978) where I is the measured surface bright-
ness in the line and A is the Einstein A coefficient for that transi-
tion. Table 2 lists the measured fluxes for our whole FoV. The de-
rived column densities (see table 5) are all lower than 10'® cm™2,
characteristic for optically thin H, regions.
The population-level diagram reveals a thermal excitation mech-
anism with a temperature of about 1700 K using all species (see
figure 25) and 1500 K using 1-0 species only. Since our H, fluxes
were not corrected for reddening, the derived excitation temper-
ature may be a lower limit.

7.1.2. Diagnostics of excitation mechanisms

Mouri (1994) proposed to use ratios involving ro-vib transitions
of H, to distinguish the dominant excitation mechanisms. The

H, excitation diagram

25
< 3000 K
2.0 il
S &/2000 K
8 15 —— Shock NGC1275
S NGC6240
n 1.0 il
<
- 0.5 Non-Thermal B
2-1S(1)/1-0S(1) > 0.5
0.0 ) ‘
0.0 0.1 0.2 0.3

2-1S(1)/11-0S(1)

Fig.26. "Mouri diagram”. The data regions correspond to
shocks (Brand et al. 1989), non-thermal (Black & van Dishoeck
(1987)) and thermal UV (Sternberg & Dalgarno 1989), and X-
ray (Lepp & McCray 1983; Draine & Woods 1990). The dia-
mond corresponds to data extracted from our whole FoV, the
triangle to data extracted from the bright H, knot in the east,
and stars to data from other galaxies (NGC 1275 and NGC 6240
taken from Krabbe et al. (2000)). The red arrow shows the dis-
placement for a reddening correction of Ay = 1.

measured ratios of 2-1S(1)/1-0S(1) and 1-0S(2)/1-0S(0) (see
figure 26) imply that shock (J-shock model from Brand et al.
(1989)) and X-ray excitation are favored, which we investigate
in more detail in the following.

We used the models of Maloney et al. (1996) to compare ob-
served and predicted 1-0S(1), 2-1S(1) and [Fell]A 1.644 um
fluxes in XDRs. Their figure 6 summarizes derived intensities
for the above species as a function of the effective (attenuated)
ionization parameter {7, which is defined as

fx

lerr=126x107 .
! nsNoy

Here ns [10° cm™] is the density of hydrogen nuclei in the
emitting cloud, fy [erg cm™2 s7!] the flux of X-rays penetrating
the cloud, and N, [10%2 cm™2] the total attenuating hydrogen
column density. Cappietal. (2006) found an X-ray flux of
Fx(2-10 keV) = 4.5 x 1071 W m~2 and an attenuating column
density of N = 7.5 x 10*2 cm™2. Assuming isotropic X-ray
emission, we find {.rr = 0.162 * n;l x d~?, where d [pc] is the
distance of a H, cloud from the nucleus. Table 6 lists predicted
1-0S(1) fluxes per spaxel as a function of ;s and hydrogen
densities of ns=0.01 and ns=1 . For typical distances d of a few
dozen parsecs, .7 is generally lower than 0.01. Comparing £, 7
with figure 6 of Maloney et al. (1996) reveals that the predicted
1-0S(1) fluxes are generally lower than ~ 107! W m~2, which is
at least two orders of magnitude lower than the highest observed
1-0S(1) flux.

Using [Fell] flux values from Storchi-Bergmann et al. (2009)
extracted from a 0.3 x 0.3 arcsecond aperture at the position
of the bright eastern H, knot (see their table 1) reveals a
measured ratio of 1-0S(1)/[Fell] of about 0.9. In the models
of Maloney et al. (1996) this requires sy ~ 0.1, for which
the predicted 1-0S(1) flux would also be close to the observed
flux values. Therefore X-ray excitation might be the dominant
excitation mechanism if the emission of X-rays is not isotropic,
implying higher /., at the position of the H, clouds. We

23



C. Iserlohe et al.: NIR imaging spectroscopy of the inner few arcseconds of NGC 4151 with OSIRIS at Keck

Table 5. Detected species, transition probabilities (Turner et al. 1977), degeneracy, upper level energy, and derived column densities

for our whole FoV.

Species 4 A
[um]  [107s]

1-0S(0) 22235 2.53
1-0S(1) 2.1218 3.47
1-0S(2) 2.0338 3.98
2-1S(1) 2.2477 498
2-1S(2) 2.1542  5.60
2-1S(3) 2.0735 577

g Tu Ncol

K] [10'* cm™2]
5 6471 5.2
21 6956 15.5

9 7584 4.4
21 12550 0.6
9 13150 0.3
33 13890 0.5

might now speculate that the central absorber is perforated. In
this case some H, regions could be more directly exposed to
radiation from the central engine (which remains unresolved
by our observations) with the nucleus hidden by the central
absorber along our line-of-sight. However, the X-ray emission
as traced by high-ionization lines appears rather confined to
the narrow line region (Ogle et al. 2000), which is partially
embedded in the galactic disk. If we assume that the radio jet
is roughly perpendicular to the putative molecular torus, the
torus is highly inclined with respect to the galactic plane. In this
case the central engine is nearly hidden by the torus along our
line-of-sight, giving rise to the high attenuating column density
observed by Cappi et al. (2006), but H; regions in the galactic
disk are much more exposed to the nuclear radiation field. We
therefore conclude that X-rays might contribute significantly to
the H, and [Fell] emission observed.

On the other hand, 1-0S(1) and [Fell] emission can be strong in
shocks from supernova explosions into the interstellar medium.
Following Hollenbach & McKee (1989) (their figure 5 and
figure 8) the line ratio 1-0S(1)/[Fell] is about unity for shock
velocities above 40 km/s. These shocks, if present, may rather be
induced by the bar than by supernova remnants since the 6 cm
radio emission morphology is more aligned with the 21 cm radio
jet (see e.g. Ulvestad et al. 1981) and clear signs of massive
starformation in the central 100 pc remain undiscovered.

Thus, we conclude that excitation by X-rays and shock exci-
tation especially along the bar contribute to the H, and [Fell]
fluxes observed. According to figure 26, X-ray excitation in
NGC 4151 may even be more dominant than in the Seyfert
1.5 galaxy NGC 1275 or the ultra-luminous infrared galaxy
NGC 6240.

7.1.3. Total mass of molecular and ionized gas

The luminosity in, e.g., 1-0S(1) is given by
Li—osry = nogse” SO Z(TY Ay _osayhv

where Li_gs(1y is the luminosity in 1-0S(1), ng is the number
of H, molecules, g; the statistical weight for that transition,
E1_os(1) the energy of the upper level, Z(T) the partition function,
T the temperature, 4;_os(1) the Einstein A coefficient of the 1-
0S(1) transition, and v the frequency of the emitted photon. The
partition function is taken from Irwin (1987). The total 1-0S(1)
flux in our FoV is F = 2.9 x 10~ 7W/m?. Assuming a distance
of d=13.25 Mpc and a temperature of 1700 K, we obtain a mass
of hot molecular H, of My, = 1000, which also fully com-
plies with the measurements by Storchi-Bergmann et al. (2009).
Since our FoV does not fully sample the whole inner region,
the derived hot H, mass is a lower limit. This amount is also

24

rather small, but as Dale et al. (2005) point out, the hot-to-cold
mass ratio in centers of galaxies ranges between 1077 and 1073,
which matches the high gas concentrations of ~ 10% M, as in-
ferred from mm-observations (NGC 4569: Boone et al. (2007);
NGC 6951: Krips etal. (2007) and others for the NUclei of
GAlaxies (NUGA) group). Thus the total amount of molecular
gas in the central 100 pc of NGC 4151 may be higher by several
orders of magnitude.

Following Riffel et al. (2008); Scoville et al. (1982), the amount
of ionized gas can be estimated:

F 2 -l
My = 2.88 x 102 [ L2 ) (4 ( Ne ) .
Wim? )\ Mpc) \em™3

Assuming an electron density of N, = 100cm™ and using the
total narrow Bry flux of Fi,,, = 4 x 10717 W/m?, a total ionized
hydrogen gas mass of M = 2.1 x 10°M,, can be derived, which
fully agrees with the measurements by Storchi-Bergmann et al.
(2009).

7.2. A lower limit to the Hel 2''S column density

As shown in figure 10, the Hel emission is extended while the
flux in the absorption component decreases exactly with the
strength of the continuum emission. Furthermore, the velocity
offset of this absorption complex remains constant throughout
our FoV, and we assume that the absorption component is re-
lated to a nuclear outflow that remains spatially unresolved. The
whole line complex appears P-Cygni-like with a symmetrical
absorption component and no broad emission component. The
velocity offset of the Hel absorption component is -280 km/s
with a lorentzian HWHM of 400 km/s and an equivalent
width of 7.7A. These numbers differ from the velocities and
FWHMs of absorption in UV resonance lines, see table 1 of
Kraemer et al. (2001). These authors used photoionization mod-
els to determine, e.g., the distance of individual absorbers along
the line-of-sight. As a result, absorption is usually broadened
(FWHM higher than 430 km/s) for clouds closer than 1 pc to
the nucleus, but these clouds (D+E and D’) also have outflow
velocities higher than about 500 km/s. Furthermore, Balmer
and HelA3888A absorption is not seen as a multi-component
absorber as in the UV and the outflow velocities increase
in nuclear high states (Hutchings et al. 2002), which has not
been observed in the UV lines. This may indicate that our Hel
absorption originates from a different region than the observed
UV resonance lines. Since the opening cone of the ionizing
radiation is close to the line-of-sight, it is reasonable to assume
erosion of the edge of the obscuring torus.

The blueshifted optically thin absorption component in the Hel
profiles of our nuclear spectra (see figure 9, top) can be used
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Table 6. Theoretical flux values for 1-0S(1) in W/m? emerging from a spaxel of 50 x 50 milli-arcseconds as a function of the
hydrogen density and distance from the nucleus and hence £/, from figure 6 of Maloney et al. (1996).

1-05(1)
n=10° cm™ n=10 cm™
d[pc] log(less) log(Fu,) log(lers) log(Fr,)
20 -3.5 -21.2 -1.5 -23.7
30 -3.8 -21.4 -1.8 -23.5
50 -4.3 -21.7 2.3 -23.1
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Fig.27. Grotrian diagram of Hel. Prominent astronomical
lines (plotted in yellow) are indicated with wavelengths in A.
Transitions from metastable levels to the ground state are plot-
ted in red.

to calculate the Hel 2'S column density. Since only one of
the many prominent transitions from the lower Hel 2'S level
is covered by our observations, this yields a lower limit to the
column density of the Hel 2'S level. Figure 27 shows a Grotrian
diagram of Hel labeled with some prominent astronomical tran-
sitions including the transitions from and to the 2'S level. The
lowest singlet level 2!S and especially the lowest triplet level
23S are both metastable with transition probabilities of 51.357!
and 1.27 x 107*s7! to the ground state, 1'S. Depopulation of
these levels can take place by photoionization or by the highly
forbidden emission of high-eV photons to the ground state.
Absorption of 13889 A photons by 23S leads to enhanced
emission of 110830 A. Radiatively pumping the ground state
1'S to 2! P by absorption of 1584 A photons may be essential
to produce emission of 120581 A because the decay of 2!P
by re-emitting a photon of the same wavelength is highly
favored (99.9%) against the emission of a 120581 A photon
(Robbins & Bernat 1974). However, the 120581 A line strength
is limited by photoionization of hydrogen by the 1584 A photon
(Thompson & Tokunaga 1980). Moreover, collisional excitation
of the more long-living level 23S to 2'S may be of importance
as well (see e.g. Osterbrock 1989).

The total column density of 2'S can be estimated using
additional absorption lines such as 13965 A or 15016 A.
Unfortunately, these lines are blended with He, [NIII], and [OIII]
and are also not covered by our observations. Here we confine
ourselves to calculating a lower limit of the 2'S column density
following Hamann et al. (1997) and Crenshaw et al. (1999).

The underlying continuum was fitted with a parabola using spec-
tral channels to the shorter and longer wavelength side of the line

complex, and we normalized each spectrum by dividing with the
underlying continuum emission. /, is then the residual flux at a
particular radial velocity v,. The minimum covering factor Cj,
in the line-of-sight, the fraction of continuum that is absorbed by
the occulter, is then Cj,y >= 1 — I,. Assuming screen extinction,
the optical depth 7 is then given by 7 = /n(1/1,) if the covering
factor is one, 7 = In(Cj,s/(I, + Cjos + 1) otherwise. The column
density N is then obtained by integrating the optical depth across
the line profile,

megcC
N = r d T
i ] o

with A the laboratory wavelength, m, the electron mass, c the
speed of light, e the electron charge and f;, the (absorption)
oscillator strength, where fi, = 0.375 (Wiese & Fuhr 2009).
Assuming screen extinction and a covering factor of Cj,y = 1,
we derive a column density of 5 x 10'> cm™2. The minimum
covering factor derived is Cjs = 0.09, which increases the col-
umn density to 1 x 10'* ecm™2. The f-value of the Hel 10830 A
transition is about 0.18 and consequently comparable with the
f-value of the Hel120581 A transition. Since the transition
probability for radiative decay of the 2°S level is lower by a
factor of 107> than for the 2!S level, and assuming that the
population density of the 2°S and 2'S levels differ by a similar
factor, we expect a similarly deep Hel110830 A absorption
complex, which is indeed observed (Storchi-Bergmann et al.
2009).

8. Summary

We have used near-infrared integral field data obtained with
OSIRIS at the Keck telescope to determine the morphology and
dynamics of ionized and molecular gas in the inner two arc-
seconds of NGC 4151. We compared our results with previous
measurements by Das et al. (2005) and Storchi-Bergmann et al.
(2010). The main results can be summarized as follows:

a) The stellar and non-stellar contributions to the total contin-
uum both peak at the same position and remain unresolved by
our observations. Bry and coronal lines peak a few parsec to the
northwest/west of the continuum peak. Coronal lines also show
a broad component implying that these species may originate
from an outflow.

b) The ionized gas extends toward the NLR while the molecular
gas strictly avoids the NLR. The NLR morphology is well
compatible with measurements by Storchi-Bergmann et al.
(2010).

¢) We identified four dynamical components. First, emission at
systemic velocity, which is assumed to emerge from the galactic

25



C. Iserlohe et al.: NIR imaging spectroscopy of the inner few arcseconds of NGC 4151 with OSIRIS at Keck

disk of NGC 4151. Second, emission that is enhanced due to
interaction with the jet. Third, a nuclear inflow of gas (most
likely within the galactic disk) that is observed in Bry. And
fourth, an outflow along the NLR bicone.

d) The outflow of the NLR gas as traced by [Fell] is well
compatible with the models proposed by Das et al. (2005) (the
acceleration model) and Storchi-Bergmann et al. (2010) (the
constant-velocity model). We emphasize that our FoV is smaller
than the FoV provided in Storchi-Bergmann et al. (2010) so that
we are unable to confirm or reject their constant-velocity model
for distances larger than approximately one arcsecond from
the nucleus. However, our data indicate acceleration within the
central arcsecond, which agrees with the model proposed by
Das et al. (2005).

e¢) The 21 cm radio continuum jet originates from regions where
H, gas is rotating into the path of the jet because of the galactic
rotation. The jet also interacts with gas at certain positions and
locally enhances emission of [Fell].

f) The hot H, gas appears to be thermal with a temperature
of about 1700 K, and X-ray and shock excitation of H, are
very likely to occur. Derived column densities are about 10'4
cm™2. We detected a bridge of H, running through the nucleus.
Although the velocities along this bridge are systemic, we ob-
served inflow in Bry at speeds that match with speeds expected
at the radius of the sphere of influence.

g) We detected Hel emission that is accompanied by a
blueshifted optically thin absorption component in our nuclear
spectra. The absorption component has a velocity offset of -280
km/s and remains spatially unresolved. We assume that this
feature represents a nuclear outflow that occurs closer than a
very few parsecs to the nucleus. We calculated a covering factor
of Cj,s = 0.09 with a minimum column density of 1 x 10! cm™2
for the Hel 215 level.
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Appendix A: Data reduction software

The data reduction software package consists of the data reduc-
tion pipeline that performs all necessary basic steps to provide
the user with a standardized data cube and graphical user inter-
faces (GUI) to plan the reduction strategy. The package is IDL-
based (version 6.0 and higher, IDL is a product from ITT Visual
Information Solutions) with some reduction steps programmed
in C for reasons of computation speed. The GUIs are Java-based.
The data reduction scheme itself is modular, providing individ-
ual reduction steps for individual tasks such as sky subtraction,
etc. The reduction scheme is coded as an XML-file and inter-
preted and executed by the backbone part of the software pack-
age. More detailed information about the data and command
flow can be found in Krabbe et al. (2004). We point out that
some of the data reduction recipes below were specifically de-
signed for reducing commissioning data of the OSIRIS instru-
ment. A comprehensive compendium of data reduction strate-
gies and a description of the current data reduction pipeline can
be found in the OSIRIS user manual.

A.1. Data reduction

A.1.1. Microlens arrays and the arrangement of spectra on
the detector

A key device in integral field spectrographs is the image slicer
that samples and rearranges the field-of-view of the instrument
in the focal plane to create the entrance slit for the actual spec-
trograph. Various designs for this device have been established.
The most common ones for sampling the focal plane are optical
fibers, plane mirror slicers, and microlens arrays.

In OSIRIS, a microlens array samples the focal plane with an
array of small lenses. Each rectangular microlens has a width of
200 pm and focuses the light onto a pupil image that is signif-
icantly smaller than the microlens’ diameter. These images are
then fed into the actual spectrograph. Overlapping of the individ-
ual spectra on the detector is avoided by rotating the microlens
array by 3.6° relative to the dispersion axis of the grating, which
itself is aligned with the rows of the detector. As a side effect, the
spectra run diagonally across the detector rows at the same angle.
The arrangement of the spectra on the detector is staggered (see
figure A.1 for a sky-subtracted detector image of NGC4151). In
OSIRIS, spectra from adjacent microlenses of a row are shifted
horizontally (along the dispersion axis) by roughly 30 detector
pixels, have a FWHM of two detector pixels perpendicular to it
and are separated by two detector pixel.

A.1.2. Reconstruction of the light distribution in the microlens
array

The heart of each data reduction software for integral field spec-
trographs is the reconstruction of the incident light on the slicer
from the recorded detector raw images via a mapping function.
When using fibers or microlens arrays each point spread func-
tion (PSF) of every fiber/microlens and their location on the de-
tector must be determined to reconstruct the distribution of inci-
dent light on the slicer. In OSIRIS, a movable scanning mask al-
lows illumination of exactly one microlens column. Illuminating
the mask with a whitelight source results in continuum spec-
tra that are well separated on the detector. From the measured
PSFs the so-called rectification matrix is assembled, which con-
tains spatially and spectrally the contribution of every microlens
to the signal detected in any detector pixel. This procedure is

Channel bias

Electronic ghosts

e

Fig. A.1. Sky-subtracted detector image of NGC4151. The dis-
persion axis runs horizontally. Various electronic effects can be
identified, such as bias variations in the multiplexer readout
channels and electronic ghosts. The staggered arrangement of
the spectra can also be seen in the inset.

part of the instruments calibration and is performed during day-
time. Mathematically, for a given column or a given wavelength,
the recorded signal in a detector pixel in row i is D;. We con-
sider /; to be the incident light on the k-th microlens and M
the rectification matrix mapping how much light from the k-th
microlens is focused to the i-th detector pixel in the given row:
D; = My x I,. Since the detector has 2048 rows, D; is a vec-
tor with 2048 elements. The number of microlenses in a given
observing mode is #, so /; is a vector with n elements. The rec-
tification matrix itself therefore has 2048 x n elements (for that
given detector column). To solve for /; this matrix equation is
inverted with an iterative Gauss-Seidel algorithm in a process
hereafter called 'rectification’.

Since every microlens is illuminated with same intensity and
spectrum, the rectification matrix already accounts for the flat-
field, making an additional flatfielding step obsolete.

A.1.3. Notes on selected reduction steps

An updated and more complete list of reduction recipes
including some experimental ones can also be found in the
OSIRIS user manual (Larkin et al. 2008). Here we only
summarize special reduction steps in the order applied to our
data sets obtained during the first commissioning run of OSIRIS.

Time-variable DC biases in the multiplexer readout
channels

The Hawaii II detector is equipped with eight readout channels
(128 x 1024 detector pixels) per quadrant. The channels run hor-
izontally in the upper right and lower left quadrant and vertically
in the other quadrants (the dispersion axis runs horizontally on
the detector). Occasionally, the readout electronics introduces
time-variable DC biases in these channels that do not always
cancel out in sky-subtraction, resulting in residual biases of sev-
eral % of the maximum signal. An automatic correction of these
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residual biases is only possible in dark areas of the detector (the
very left and very right of the detector) and horizontal channels
(the lower left and upper right quadrants). For the other quad-
rants we developed a manual correction method that assumes
that all measured continua with similar horizontal shift are sim-
ilar to each other, except for scaling, an assumption that fairly
well holds for our observation except for the bright AGN itself.
In the lower/upper half of the detector the first/second half of a
spectrum crosses eight channels while the other half lies within
one channel. Summing all spectra with similar horizontal shift
of the lower and of the upper half of the detector and comparing
them to each other reveals well-defined steps in the two spectra,
which are due to the mentioned channel biases.

Electronic ghosts

Detector rows running along the fast-clock direction of the chan-
nel that are highly discharged (having a high signal) are some-
times reproduced at a lower signal level in other channels along
their fast-clock direction. This indicates that this crosstalk be-
tween channels is due to the readout electronics. Since the align-
ment of the channels is vertical in the upper left and lower right
quadrant and horizontal in the others, this crosstalk (electronic
ghosts) may cross spectra on the detector, faking emission lines.
Our method seems to be the most suitable for our commission-
ing data. Here, we median 50 rows at the bottom and at the top of
the detector vertically, shift the resulting vectors by a few detec-
tor pixels horizontally, and subtract them from each other. The
difference should be around zero with electronic ghosts show-
ing up as positive peaks. Their value and position can easily be
determined and then subtracted.

Bad-pixel interpolation in raw data

Owing to the staggered arrangement of the spectra on the detec-
tor, bad pixels can only be interpolated in the raw image along
the dispersion axis. Depending on how many consecutive pixels
need interpolation, the interpolation is quadratic (isolated bad
pixels) or linear (clusters of bad pixels). Transient bad pixels in
commissioning data require special attention. If a pixel is bad in
the rectification matrix but not in the detector image, rectification
may in some cases diverges giving useless results for the whole
microlens column at that wavelength, requiring interpolations in
the matrix as well. 3

Wavelength calibration

Wavelength calibration is performed using neon, argon, krypton,
and xenon calibration lamps that illuminate the entrance pupil of
the instrument. Each spectrum is wavelength-calibrated individ-
ually. First, the known emission lines are fitted with a Gaussian,
then the fitted center positions are interpolated with a cubic dis-
persion function. Interpolation onto a regular wavelength grid is
done linearly with a grid width close to the intrinsic sampling of
each filter band. The accuracy of the wavelength calibration was
deteamined to be 2/10th of a detector pixel ( 10 km/s) around 2.1
um.

3 In more recent versions of the rectification algorithm for data taken
after the first commissioning run we take full advantage of the fact that
the spectra are two pixels wide on the detector to reconstruct the value
of bad pixels.

4 After commissioning of the instrument and several hardware up-
dates, the wavelength calibration is made in K band only and the solu-
tion is resampled to the lower diffraction orders of the other wavelength
bands.
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Bad-pixel identification and interpolation in data cubes

Once a data cube is assembled, we can take the advantage of the
fact that neighboring angular resolution elements (spaxels) carry
similar astronomical information. For any given spaxel all spec-
tra of neighboring spaxels are scaled in intensity to the spectrum
of the central spaxel. Any data element of a spectrum (spexel)
that deviates by more than 30~ from the median of all scaled
spectra is considered as bad. Linear interpolation is then per-
formed along all three axes and the three interpolated values are
averaged.

Correction of imbalanced sky subtraction

Biases in sky-subtracted spectra, resulting from slightly imbal-
anced sky subtraction or residual biases in the multiplexer read-
out channels, can cause residuals when these spectra are divided
by the telluric spectrum especially in the atmospheric transmis-
sion valleys between 2.00 and 2.08 um. We subsequently added
a bias to each spectrum, divided by the telluric spectrum, and
fitted the result where the spectrum is free of emission and ab-
sorption lines and where the transmission of the atmosphere is
higher than 40%, linearly. Assuming a linear continuum in this
small wavelength range, the appropriate bias was found when
the difference between the fit and the divided spectrum was the
smallest. This bias was then added to the whole spectrum.

Mosaicking

Prior to mosaicking all data cubes are rotated to a common PA
by spatially oversampling each pixel and resampling to a new
rotated grid. a,0 offsets are determined from images created by
collapsing the data cubes along the 1-axis and cross-correlating
them using the correl_optimize routine from astrolib (Landsman
1993). The shifted datasets are finally added.

Appendix B: Influence of variable seeing on
mosaics of data cubes

The distribution of flux in a typical PSF of an adaptive optics
system shows two components, a diffraction-limited spike on
top of a more extended Gaussian seeing base. Under different
seeing conditions or different AO performances these two
components are pronounced and extended differently. However,
the PSF should be radially symmetrical. We obtained our five
K-broadband data cubes under quite different seeing conditions.
When combining the individual data cubes, circular radial
profiles are only preserved in a region where all data cubes
overlap, the central arcsecond around the bright AGN. Regions
where only a fraction of the data cubes overlap are dominated
by the combined radial flux distribution of those data cubes
involved. Due to the rectangular shape of our FOV, the radial
intensity profiles in the legs of the x-shaped mosaic are clearly
dominated by the prevailing seeing conditions at the time of
observation of the data cubes involved. Since the horizontal
strip was obtained under poorer seeing conditions than the
tilted strip, the combined radial profile has become of elongated
shape, although intrinsically, the radial continuum profile is
circular on this scale, see Peletier et al. (1999).

While mosaics of data cubes that contain extended emission suf-
fer from variable seeing in the non-overlapping regions, local-
ized emission of higher spatial frequency such as the nucleus are
much less effected by seeing variations. Their shape is that of
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the combined PSF spikes and their locations within the FOV re-
main unchanged. As a result, under variable seeing conditions,
localized emission and absorption features can reliably be traced
throughout the combined data cube, while extended emission
can only be reliably traced within the area shared by all con-
tributing data cubes. We are therefore restricting our analysis of
extended structures like the continuum to the central region in
Figure 3.

Appendix C: Appendix: Spectral decomposition

The decompositioning algorithm is based on the algorithm pre-
sented in Krabbe et al. (2000). In active and starburst galaxies,
one can identify at least four sources of continuum emission:
stellar (13°"), AGN power-law (17), hot dust (/D), and free-free
(/5F) emission. The intrinsic continuum emission /}" at each
wavelength is

I = ws I + wpl? + wpl? + wppliF, (C.1)

where wg, wp, wp, and wgp represent the contributions of the
individual sources. A synthetic continuum spectrum 75" can
be constructed by additionally applying extinction. Here, we
define the optical depth 7(4, k) with the reddening parameter &
as 7 = kA™''% (Landini et al. 1984) and apply a screen model.
We now construct a synthetic spectrum for every measured
spectrum that fits best in terms of minimal y? difference.
Wavelengths with prominent emission/absorption lines due to
non-continuum sources (e.g. shocked ISM gas, photoionized
gas clouds) are not considered in the y? calculations.

The stellar component of the continuum emission was modeled
using normalized stellar K-band spectra of Wallace & Hinkle
(1997). The spectral resolution of our data was downsampled
to the resolution of our stellar template spectrum of HR8726,
a KS5Ib supergiant. The stellar template spectrum was addition-
ally redshifted and velocity broadened by convolving it with
a Gaussian line-of-sight velocity profile. The AGN power-law
emission was assumed to vary as If = A% with the spectral index
a. Emission from hot dust of temperature T was taken to be a
black body B,(7) multiplied by a power-law emissivity of the
form ep,s, o« A~'. Additionally, we assumed that the amount of
extinction and the amount of emission from hot dust are corre-
lated 12 oc (1 — e7™*0), giving 1P = By(T)A™" « (1. — e 740),
For reasons mentioned above, we ignored eventual free-free
emission in our calculations and limited the wavelength range
when decomposing to 2.25 to 2.36 micron. The complete set
of fit parameters is ws, wp, wp, k, @, T, the stellar redshift z,
and the stellar velocity dispersion o-. To increase the signal-to-
noise ratio we convolved each slice of the datacube with constant
wavelength with a Gaussian seeing disk with a FWHM of 100
milli-arcseconds.
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