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ABSTRACT

Context. The properties of the gas in halos of galaxies constrainagloiodels of the interstellar medium. Kinematical inforioatis

of particular interest since it is a clue to the origin of thesg

Aims. Here we report observations of the kinematics of the thigkidaf the difuse ionized gas in NGC 891 in order to determine
the rotation curve of the halo gas.

Methods. We have obtained a Fabry-Pérot data cube antbimeasure the kinematics of the halo gas with angular résolmuch
higher than obtained from HI 21 cm observations. The dat# euds obtained with the TAURUS Il spectrograph at the WHT on
La Palma. The velocity information of theffiise ionized gas extracted from the data cube is compared delrd@stributions to
constrain the distribution of the gas and in particular thk motation curve.

Results. The best fit model has a central attenuatinp = 6, a dust scale length of 8.1 kpc, an ionized gas scale leriditfDdpc.
Above the plane the rotation curve lags with a vertical gratibf -18.8 km st kpc . We find that the scale length of thexHnust

be between 2.5 and 6.5 kpc. Furthermore we find evidencehbabtation curve above the plane rises less steeply théaeiplane.
This is all in agreement with the velocities measured in the H

Key words. Ha, NGC 891, Gaseous Halos, Fabry-Pérot, Edge-on, Gald&iesmatics, Dynamics

1. Introduction The origin and ionization source of the DIG component is

S . still under debate and gives important constraints for risodie
Over the last decade, fllise ionized gas (DIG) in the halos ofyq 1S\ jn general and on the large-scale exchange of matter
spiral galaxies has been identified as an important coestitu

between disk and halo in particular (e.g., _Dettmar, 1992idRa
of the interstellar medium (ISM). The detection of an ex&uhd 195_;\,/\/7). ! in particular (e.g., ‘ ‘

layer of DIG in NGC 891 £yw=0.5 kpc,zsg=0.3 kpc, Dettmar — Tpeorists  describe  the  disk-halo interaction by
(1990)) , which was found to be similar to the extended laygtaons  of galactic fountains |_(Shapiro & Fleld, __1976;

of DIG, or Reynolds layer| (Reynolds. 1990) of the Milky wayg eqmah, [1980;] de Avillez & Breitschwerd{, 2005), chim-

(Dettmar, 1990; Rand etlal., 1990), was followed by severﬁéys (Norman & Ikeuchi, | 1989), and galactic winds

Ha imaging searches. By now, many results on ‘normal’ (i.€grejischwerdt et dl., | 1991; | Breitschwerdt & Schmutzler,

excluding nuclear starbursts) edge-on galaxies have been p1gg9g) Possible models trvina to explain gaseous alaxyshal
lished (Dettmar| 1992; Rand et al., 1992; Pildis etlal., E994 V). ying pan g d

a consequence of stellar feedback therefore depend man
Rand/ 1996; Rossa & Dettmar, 2003). Rossa & Deftimar (zoq%itors su(?h as supernova rates, galaxy mass mpagnediqg fiel

cataloged 74 galaxies and found about 40% to have extraplaQaq the vertical structure of the ISM.

diff!JS¢ ionized gas (eDIG_). In those objects_ shpvyi_ng H" NGC 891 and NGC 4631 are two galaxies with extensively
emission from the halo, a wide range of the spatial distitnst g, gieq |SM halos. Both of them not only show prominent thick
have been found, from thick layers with filaments and b”bblﬁeﬁ/ers of DIG, they also have extended radio continuum, HI,
(NG.C 4631, NGC 5775) (Dettmar, 1990; R%”d et aI.,_ 199904 X-ray halos. The spatial correlation of radio continuum
Pildis etal., | 1994b;|_Hoopes etal.,_1999; Miller & Veilleuxe mission, indicative of cosmic rays in a magnetic field foimd

2003) to individual filaments and isolated plumes (e.g., UGE tnick disk, and extra-planar DIG has been discussed for NGC
12281)(Rossa & Dettmar, 2003). For only a few of them theregfgl in detail (Dettmaf, 1992: Dahlem et al., 1994).

evidence for widespread DIG in the halo comparable to that in |t the DIG and other components of the ISM in the halo

NGC 891. In this galaxy the DIG is distributed in long filament, o gue to dynamical processes, important information n it
and bubbles of ionized gas embedded in a smooth backgroungigin and ionization could come from kinematic studies. In

Since its emission line spectrum is rather easily accessibha’ 556 of NGC 891 a first study was made by Keppelet al.
by optical imaging and spectroscopy, the DIG component (¥9g97) - Subsequent studies show that there is evidence for
an important tracer of the ISM halo in other galaxies. Thigecyjiar velocities of DIG. Pildis et al. (1994b) find a maxim

Rrerence with the HI rotation curvévma=40 km s?; [Rand

is true particularly since most other tracers, such as ra
continuum from cosmic rays or X-rays from hot plasma, canngfgg7) retrieves a dierence in the observed mean velocity of
m s between velocities at=Al kpc and 4.5 kpc. Also in

be observed either with comparable angular resolution &r wigqy |
suficient sensitivity.
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Fig. 2. Model for the night sky contribution obtained by averag-
Fig. 1. This channel of original wavelength calibrated data cubeg in rings as used for the channel shown in Fig. 1.
at v=674 km s! demonstrates the contamination by night sky

lines with varying intensity (left). The fiect of removing a Date Run-No: Field UjfStart AirmastStart
model for the night sky contribution from averaging in riigs  Nov 1§17 1992 3559 NE  19:29 1.03
seen on the right. 3564 SwW 00:44 1.05
Nov 1718 1992 3581 NE 21:46 1.04
3583 NE 01:09 1.10

the HI peculiar velocities are observed (Fraternali eI_ZEQOES; Table 1. Log of the observations
Swaters et al., 1997). For both components, a deviation from
corotation is observed on scales of 2 kpc above the disk in
the sense that the gas rotates more slowly than expectesl. Thi
“lagging” has been found to have a gradientlvfy/dz=-15km of 1.5 nm was used for order separation. The field of view
stkpc?t in HI (Fraternali et al.| 2005). Recent SPARSE-PAKvas restricted to 5.&5.6’ due to blocking by the prefilter. Two
observations (Heald etlal., 2006) show a similar result fer H slightly overlapping fields in NGC 891 were therefore observ
In order to understand this lagging, hydrostatic modets cover the inner~ 10'. The North-East field was located at
have been investigated. These models are able to reprodBée= 2M'22m36.85, DEC= 42°22'32.2” (J2000) and the South-
the lag of the halo of NGC 891 in H[ (Barnabé et al., 2006)Vest field at RA= 2122M26.75, DEC= 42°185.8” (J2000). The
However, the stability of these models remains unresolveahservations were taken under non-photometric conditioitis
A different approach to understanding the lag of halos agveor seeing of typically 2 arcsec. For object exposuresadlbret
ballistic models [(Collins et al., _2002; Fraternali & Binneysteps, with a step size &1 =0.02742 nm, were used with an
2006).| Fraternali & Binney| (2006) are able to reproduce thetegration time of 70 s each. Full data cubes were takeneat th
vertical HI distributions of NGC 891 and NGC 2403 this waybeginning of each night with a flat field lamp, and during the
However, their model fails in two important aspects: (1)ythenight several cubes were taken using the CuNe lamp to allow us
do not reproduce the right gradient in rotation velocity), f{@& to determine the wavelength dependence in each channel.
NGC 2403 they predict a general outflow where an inflow is
observed.
It is clear that improved data on the detailed kinematics %f .
the extra-planar DIG would be very useful to a further phasic>: Data Reduction

understanding of the phenomenon. ) A slight gradient in the bias level of 1 ADU across the field was
Here we present a full velocity cube for the DIG in NGC 89%emoved in all data cubes because at the amplifier settingthi
from observations with the TAURUS Il imaging Fabry-Pérogounted for a 16 signal with respect to the read-out noise. The
spectrograph. As a byproduct, we obtain a very clean MgRAF package was used for these first data-processing steps i
of the Hr distribution. NGC 891 has a systemic velocity ot|yding flatfielding and cosmic-ray filtering. For all furtharo-
528 km s* (RC3) and we assume a distance of 9.5 Mpgessing steps we made use of the GIPSY package, which i bette
(van der Kruit & Searle, 1981). At this distance 1 arcmin cokyited for these kinds of data cubes.
responds to 2.8 kpc physical size. We present the obsemsatio Cuts in the velocity direction averaged over areas of thetnig
in § [2 and the data reduction steps§i. § @ will show the  sky showed significant variations from channel to chanmetpu
results that can be obtained by rebinning the dat§3we will 209 in the night sky contribution with a systemic jigsaw peait
p!‘esent models for the gas distribution and thelse moddlb&vll This pattern is due to the Stepping pattern used for Scamwieg
discussed and compared to the dat§ B We will summarize the ~ 2 hrs of observation for each on-source cube. Significant
and conclude ir§ 7. brightness changes of two bright night sky lines were notesor
lated to these changes in the sky background. We corrected fo
the variations of the night sky brightness by subtractingia-c
stant determined for each channel.
The data were obtained during two nights in November 1992 The phase calibration was obtained by fitting a model to the
with the TAURUS Il imaging Fabry-Pérot spectrograph at thecans of the CuNe lamp; this way the step size was deternoned t
William-Herschel Telescope on La Palma. The attached EEW& 0.02748 nm. Rebinning the object data cubes with the appro
CCD detector with a pixel size of 22/mm provided an im- priate model resulted in four complete data cubes on thechbje
age scale of 1."Qgixel with a binning by 2. An interference three for the field in the North-East and one for that in thetBou
filter with central wavelength at =657.7 nm and a bandpass/\est.

2. Observations
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The rebinned images still contained the night sky lines. THe The channel at the systemic velocitg,¢ = 528 km s?)
strong OH night sky lines at = 656878 A and1 = 657728 A was set to 0 km3 and all velocities given arefisets from this
were used to establish the absolute wavelength calibrafiteey channel. The central position was determined by eye in akver
also provide a check on the channel step size.Ahe0.02742 Palomar Sky Survey and 2MASS images to be=R&X22™33.05,
nm determined this way is in excellent agreement with the dBEC= 42°20'51.5” and set to 0 in the images. From the scatter
termination from the afore-mentioned calibration cube emd of the central position in the fferent bands we determine the
responds to 12.5 km-% at Ho (for Fabry-Pérot data reduc-error to be less than 2 arcsec. Notice that this valferdi from
tion techniques see Bland & Tully (1989); Jones étlal. (2002}he best determined position given by the NASA Extra-gatact
The profile of the night sky lines also provides information oDatabase by almost 6 arcsec in declination.
the spectral resolution, which was determined to be 40.7 km For display purposes the figures shown in this paper come
s} (FWHM). The formal errors of the Gaussian fits to the OHfrom a cube which was masked so that only regions with signal
night sky lines allowed us to estimate the error of the wawglle are shown. The mask was constructed by smoothing the okigina
scale to be less than 6 km'sA correction to the observed veloc-binned cube with a Gaussian of 4 arcsec FWHM, which was cut
ity of -4.2 km s was needed to obtain the heliocentric velocityat the - level.

At this stage, one remaining problem was caused by the re-
distribution of the varying line intensity of the night skinés
during the integration of the observed cube into a wavelengt-1- Channel maps

cube. Rebinning o_f the lines into the appropriate wavelengy, Figs[3 and®# we give the resulting channel maps @firhis-
channels resulted in a strong pattern of rings. In the lefteh ;o \with a velocity step size @fv=12.5 km s. In the follow-

panel of Fig[l, we show thiglect for the worst case. To OVeT-jng figures, the NE part of the galaxy is to the left; this ioatse

come this artifact for all iected channels the rings of the ”neapproaching side of the galaxy. Data are missing in smalpesd
ehm|55|?n wgre cut outhmteractlvely in areas well s;zparFde along the minor axis, as we had underestimated the viggetfin
the galaxy by using the GIPSY routine BLOT. The result Wagg fi|q when the required overlap of the fields was deterchine
m;egrated using the routine ELLINT using the center as_rel_etqt is noteworthy that a thick component in therlémission is al-
mined from the phase calibration and the mean value in indls;qy yisible in individual channel maps. This sudden tbithg

vidual rings was used as a model. Such a ring model is givengfihe H,-emitting gas layer was reported before frona ihag-
Fig.[2. The subtraction of the model resulted in general &S o (Rand et dll, 1990; Dettmar, 1990; Pildis etlal., 199%hk

factory reduction of the artifact as demonstrated in thetfi@nd - 5nnel maps also clearly show a dichotomy between the NE
panel of Fig. 1. Typically, the resulting residuals are serahan 4 g\ part of the galaxy with regard to the overall intensity
the noise level of the night sky. This can be judged from t9BUri |o\¢| of the Hy emission. This was already noted /by Rand ét al.
panelin Fig. 1. However, some of the channels showed résidyggg) and can be seen most clearly in the spectacular eotor i
larger than the noise level of the night sky. These residagbr age of NGC 891 obtained by Howk & Savage (1997) (their Fig.

were masked manually. . 1) which shows a line of blue knots all along the north side at
These cleaned and wavelength-calibrated data cubes cdov B= 0, and no such features on the south side. This dichotomy

a velocity range of 940 km$, sufficiently large to provide Us i 5155 seen in the distribution of the non-thermal radiotioen
with a scaled sum of continuum channels to correct for the CoQi\,m emission/ (Hummel et . 1991)

tinuum. This continuum correction also removed all ghost im
ages from internal reflections of the instrument.

We flux calibrated the observations by comparing 7 HIl ret.2. Ha distribution
gions in the integrated velocity map with the calibrated ikh- ) ) ] ) ]
age from Heald et all (2006). 4 of these regions were locatedlin€ dichotomy discussed #14.1 is seen even better in the to-
the NE pointing and 3 in SW pointing. We estimate the unce@! Ha distribution, which is shown in Figufé 5. This image was
tainty of this calibration to be 10%. obtained by integrating all channel maps allon_g the velawoiiy

For the merging of all data and for comparison with othélf the cube. It clearly shows that theffdise ionized gas (DIG)
data sets, in particular the HI map provided by Fraternadilet e_xtends beyond our field of view in S(_everal _places. On the_NE
(2005), astrometry was performed. Since the two fields do rifle of the galaxy our whole image is filled with low-level smi-
sufficiently overlap, we used five stars with positions obtainedon; on the SW side, however, we are not able to distinguish
from DSS to re-grid the two fields into a common map. The aglore than the major axis of the galaxy. This suggests that the
trometric accuracy from the fits to the stars-i arcsec. Finally différence in intensity is a physicafect and not a line-of-sight
the data cubes were combined into one cube, rotated by 42 gf&ect (see further discussigi6.d). For comparison we added a
grees in position angle to be oriented along the major axis ah-Pand image from the POSS I, below the kinage.
cut back to 42 channels to cover the velocity spread in NGC
891. The noise in a channel in the fully reduced and calibrat T
cube is 1.210*® erg st cm2 arcsec? in the NE pointing and .3. Velocity field

1.4x108erg st cm? arcsec? in the SW. Fig.[@ shows the velocity field of our ddcube. This velocity
field is determined by fitting a Gaussian profile to the line
4. Results profile in each bin, the peak of this Gaussian is considered to

be the velocity in this bin. This way we do not measure the
For the following analysis, in order to obtain a bett¢gNSthe real rotational velocity but an apparent mean velocity Wwhic
data were binned. In order maintain resolution in highersemiis determined by a combination of the rotational velocihg t
sion parts, this was done in such a way that the length adensity distribution of the gas, and the opacity of the diists
width of a bin increases exponentially as the distance to thelocity will be referred to as the mean velocity. We chose th
major and minor axis increases. For the North-East side ef tBaussian fit because in the places where the underestintdtion
galaxy no binning was applied when théNSn a pixel was> the rotational velocity is most significant (major axis, werof
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Fig. 3. The velocity channel maps of the approaching side for thedarH of NGC 891. The contours are at 25.3, 51, 51@®1°
erg s cm? arcsec?. The horizontal and vertical dashed lines indicate the maxjd minor axis respectively.
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Fig. 5. He distribution from NGC 891 as obtained from integrating tirenled channel maps. The black contours are at 1.0 and 10.0
x107" erg s cm 2 arcsec?. Red contours are the best fit model (§€&3) The horizontal and vertical dashed lines indicate the
major and minor axis respectively.
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Fig. 6. R-band image taken from the Palomar Sky Survey for companisitrthe Hx distribution. The horizontal and vertical dashed
lines indicate the major and minor axis respectively.

the galaxy) the kt is optically thick (see discussion). North-East side. Following the 100 knt'scontour we see a
On the NE side we see a regular velocity field whichehavior similar to that of the -200 kn'scontour only much

resembles solid body rotation with some lower velocities imore extreme. Since on the SW side abev&0 arcsec there is

the bins atjzl = 60 arcsec. This would indicate that therH no emission it is unclear if the mean velocity would startise r

lagging does not begin below 60 arcsec (2.8 kpc). Howevagain above this height.

as the optical depth declines we expect to look deeper iro th

galaxy. This would mean that we are receiving more emission

from the line of nodes the further we are from the plane of the

galaxy. Since the real rotational velocity should be deteesh 5. Models

at the line of nodes our underestimate of the velocity wou

be less the further we look into the galaxy. So for a cylind

with a declining optical depth in thiel-direction and solid body ~ An examination of ‘Position - Velocity diagrams’ (PV dia-
rotation we would expect the mean velocities to rise as tggams) provides the basis for our discussion of the Fhese di-
distance from the major axis increases. This is not the a&se 4grams are another representation of the channel map data fr
NGC 891 as we can see in Hg. 7. Figs.[3 and#, where now the profiles are extracted at eact poin
If we look at Fig [T and follow the -200 knT contour we  along a locus of positions in the image of the galaxy and plot-
see that, starting from major axis, the mean velocity fisesi ted as contours in the PV plane. Figlite 8 is one example of this
until ~ 20 arcsec above the plane. Then the mean velocity staépresentation; here the position (x-axis) is measurenigatioe
to drop up to~ 60 arcsec. Above this the mean velocity startgajor axis of the galaxy through the nominal centejzat 0,
to rise again but it is unclear whether this is real or a comthinand on the y-axis radial velocity is given. The color scale-re
effect of the binning and Gaussian fit. resents the hl surface brightness observed at each position; for
Looking at the South-West side of the velocity field wenstance, the H line profile at the position located 1 arcmin to
see that this side is much more irregular in velocity than thee North of the galaxy center would be a line parallel to the

1. Position - Velocity diagrams
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Fig. 7. The velocity field of the observeddHdetermined by a Gaussian fitting to the line profiles. The@arstare at -200, -100, 0,
100, 200 km st and are with respect to the systemic velocity of 528 kf $he horizontal and vertical dashed lines indicate the
major and minor axis respectively.

Parameters  Upper limit Lower limit Best fit model\yhere the scale length of the dust equals the scale lengtteof t
Name Model 1.AM 1.2 Model 2.IM 2.2  Model 3M G3 gas fy = hg = 5 kpc).
hy (KpC) 65/5.5 3.025 5.0 9

These simple models all show a major discrepancy with the

f‘g ((i%?) g'zg'? g'zg? g'? data at high velocities and large radii, where the inteesiti the
zj(kpc) 0.260.26 0.260.26 0.26 models start to rise again while in the data no such rise is.see
Tha 4-6/6 12-1413-14 6 To solve this problem we needed the scale length of the dust to
oy (kms?l) 4040 4040 40 be longer than the scale length of the gas. Therefore we &skum
Riax 21/14 2114 14 that the dust disk has a scale length of 8.1 kpc (Xilouris gt al

98).

With this longer scale length for the dust the intensity peak
at large radii and high velocities has disappeared and therge
shape of the PV-diagram is now comparable to the data. Also it
provides us with an upper limit for the scale length of the. gas
At a gas scale length of 6.5 kpc (Model 1.1, see Table 2, Fig.
black contours) the problem of the simple model arisesragai
This is seen in Fid.]8 around -200 arcsec and -200 Knofset
(pointed out by the black arrow) where the highest black con-
velocity axis at a radialfset of -1 arcmin. In the following dis- tour of 48 reappears while in the data no such thing is seen.
cussion we will concentrate on the NE side of the galaxy arderefore we consider Model 1.1 as a upper limit for the gas
refer to the absolute velocities. scalelength. A lower limit for the scale length is found &t Bpc

(Model 2.1, see Tablé 2, Figl 8 red contours). At this scaigtle
we clearly see the second highest contour bending up around a
5.2. PV-model offset of -200 arcsec and -200 kmtgpointed out by the black

The position velocity model is a FORTRAN code which Ca@rrow) while the same contour for the data continues almpst u
culates emission at every position of an exponential dikiga tcglthg_edge[ﬁ?f tlhe m;]age attha[;fset of -230 arcst_ec 15}[_r1d -t2h25'krp
line of sight velocities into account. For every positioe tight >+ T'GUreLe alSo Shows thatl we are overestimaling the inten-

is extincted as expected from a dust disk with a given optic fies at low velocities. To fit the low velocities at largeliiza

depth and an exponential distribution with variable scafegth shorter truncation Fad'_us is needed n the mo_dels. Un_fatam
efmé truncation radius is clearly outside our field of vievhub

way as in the models used by Xilouris et al. (1998). If theuadi V€ ¢an only find the right truncation by fitting the PV-diagram
of t}r/1e disk exceeds a certain cuf R all e‘missizm and ab- We find that a truncation at 14 kpc (&) fits the data the best.
sorption is set to 0. This is done to simulate a truncatiofugad 1S differs from the radius of the optical truncationdR deter-
The code then integrates these values along the line of atghfn'ned by.van der Kruit & Seaile (1981) who obtaigd= 450

o : P 21 kpc) but is in agreement with Rand et al. (1990) who
every position and determines an observed velocity digioh arcsec ( 72 <
and a intensity. Scattering is ignored in the calculations. find diffuse emission out to 15 kpc. When we determine the up-

The code allows the disk to be inclined and for NGC 89R€' and lower limit on the scale length for models with a the

we chose an inclination of 89To make a fit we assumed then€W truncation radius for the ionized gas (14 kpc) (Model 1.2

HI rotation curve [(Fraternali et al., 2005) and a truncatian 2nd Model 2.2, see Tablé 2)we find that these models show the

dius Rmax = 21 kpc {van der Kruit & Searlé, 1981). We fit theS2Me behavior as Model 1.1 and Model 2.2 but at shorter scale

NE (left) side of the PV-diagram by eye. The SW (right Sidgangths. 'I_'his is caused by the fact that in the model_s nottiely
is nc()t ta)ken into account be?:ause t)rqe )éignal is very(irgrleg)lMa gas disk is now truncated at 14 kpc but the dust disk as well. It

this side (se& E3). We started with fitting some simple mOOIegemains unknown which truncation is more suitable for thstdu

Table 2. Model parameters. The addition G to a model indicatés)
that the rotation curve has a gradient of -18.8 krhigc™? in
the vertical direction. For the upper and lower limit there a
two models which dter in truncation radius (Seg5.2 ).hg and
zy are the scale length and height of the gas respectiRgly.is
the truncation radius of the models.
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Fig.8. Color plot of the Hr PV-diagram along the major axisFig.9. Color plot of the Hr PV-diagram along the major axis
overlaid with contours of Model 1 and 2 (see Table 2) corr@verlaid with the contours of the best fit model.White comsou
sponding to the upper and lower limit which can be fitted. Whitare the data at® 60~ 120- 480-. Black solid contours are Model
contours are the data atr-360, 120- and 48&. Black contours 3 (Table2).
are Model 1.1 withry, = 5, red contours are Model 2.1 with
THe = 13. The black arrow indicates the place where the fits
deviate from the data (see text).

5.3. Image-model

After we fitted the PV-diagram on the major axis we put the
same values into a FORTRAN code which calculates an inten-
sity along the line of sight (se&[5.1). This code produces a
model image which we can compare with the observed images
disk. of NGC 891. To determine the correct scale height we compare
Koopmann et &l. (2006) recently found that on average tha intensity cut parallel to the minor axis averaged betw#60
Ha scale length for a field galaxy is on average 14 % longé& -50 arcsec of the model images to the observediistribu-
than the stellar scale length. Based upon the value found tipn averaged over the same region (Eig. 5). Since at thistpoi
Xilouris et all. (1998) in thé/-band this would mean that the de-we are interested only in the vertical shape above the chsst, t
projected R scale length for NGC 891 should be6.5 kpc maps are first normalized to their emission 30 arcsec abave th
which is in agreement with our limits. plane. To determine the best fit we concentrate on the emissio
Although the central attenuation for a given scale length & a positive ffset of the plane since this side is brightest. In our
quite well constrained, the flierences in dust attenuation cariit we only consider the emission aftsets larger than 30 arcsec.
be quite large between theffdirent scale lengths. This gives ug-rom this comparison we find that a scale height of 0.8 kpc best
another handle on which scale length is correct. Xilouralet fits the data. We then determine from this comparison a sgalin
(1998) found a central optical depth ofceon = 0.7 + 0.01 for the model so that it represents the unnormalized dagar€i
in V-band, for the galaxy seen face on. For our models for tig] (left) shows this averaged cut along the minor axis. This fi
edge-on galaxy this would translate to a central attenmaifo ure shows the data (solid line) and the scaled modetfe0.7
THe = 10.9. Ty, in our models is the optical depth at a radia{dashed red line), 0.8 (dashed blue line), 0.9 (dashed djresn
and vertical dfset of 0 along the line of sight to the center of th&pc. We see thaiy=0.8 kpc is the best fit to the data.
disk. As a check on our scaling factor and our scale lengths Fig.
We consider the model withy = 5.0 kpc,th, = 6 andRwax=14 [10 shows on the right a cut parallel to the major axis at a-verti
kpc (Model 3) the best fit. Fi@l] 9 is an example of the major axéal offset of 30 arcsec. The solid black line is the data and the
PV diagram of the data overlaid with contours of Model 3. Givecolored lines are the scaled models with a changing scadgten
the dependence of the central optical depth on scale length with hy=3.0 kpc (dashed red linef)g=5.0 kpc (dashed blue line)
results are not in disagreement with Xilouris et al. (1998). andhy=6.5 kpc (dashed green line). This figure shows clearly
that a scale length of 5 kpc is the best fit to the data.




P. Kamphuis et al.: Kinematics offlise ionized gas in the disk halo interface of NGC 891 from y&#rot observations 9

200 200

150 1150

100 1100 200

Intensity (arbitrary)
Intensity (arbitrary)

wm
(=]
w
o

L " LN

ob=l . e W o
-100 -50 (¢} 50 100 -200-100 O 100 200 300
Vertical offset (arcmin) Radial offset (arcmin)

Veloelty (km/s)

Fig.10. Normalized intensity cuts of integrated maps. Left:
along the minor axis. H (solid line)), z;=0.7 kpc (dashed red
line), z;=0.8 kpc (dashed blue linezz=0.9 kpc (dashed green -
line). Right: Parallel to the major axis at a verticdfset of 30

arcsec. ld (solid line)), hy=3.0 kpc (dashed red liney=5.0

kpc (dashed blue liney=6.5 kpc (dashed green line)

5.4. Cube model

Having obtained the best fits for the images and the major axis Radial Offsst (Arcsec)

PV-diagram we model a full data cube so we can obtain PV-

diagrams at any height in the disk. We constructed two ofehes

cubes based on the the best fit of the major axis PV-diagrapig, 11. Color plot of the Hr PV diagram along the major axis.
These cubes are then binned in the same way as the data gs\dcomparison the HI PV diagram on the major axis is over
scaled with the previously derived scaling factor. In onthebe plotted at contour levels® 6 and 9.

cubes the rotation curve is kept constant throughout thigcaér
distribution of the cube (Model 3, see Table 2). The othercub
model contains a vertical gradient for the rotation curvel8t35
km s kpct (Model G3, see Table 2). In this model the radial
shape of the rotation curve is not changed. These cubes eind th

o
)
—

comparison to the data will be presented below. ]
I

6. Discussion £ o ]

6.1. Kinematics in the plane % 04l N

Figure[I1 shows a PV diagram of thexkémission along the £

major axis of the galaxy|d = 0). This diagram bears the 02k
signature of solid body rotation instead of showing thergro I
differential rotation of the HI. The simplest interpretationto$ ~— . .
is that the disk of the galaxy is optically thickjat = 0, so that Z250  -200 -150 -100  -50 0 50

the Hy emission we see is mostly coming from the front edge Velocity (km/s)
of the disk. This is consistent with,=6. Fig. 12. Normalized velocity line profiles of the dd(Solid line)

Let us consider one ‘cut’ through this diagram parallelnq Hi(dashed line)on the major axis at a radi@et of -1 ar-

to the velocity axis, at a radialfiset of -1 arcmin (Figl12). cmin. The straight lines indicate thes3values for both obser-
Presuming that the &l emission emanates from gas which igations

in circular rotation, the | emission ati25 km st is at the

very front of the disk. There is an absence of emission atidowe

velocities because thedHlisappears as we get to the front edgee actually look at the line of nodes and the velocities do not

of the disk of the galaxy. As we descend in this diagram towardse anymore. Note though that due to the clumpiness of the

|175 km s, at the same radialffset, the emission fades out.emission sources the velocities can still decrease aftepdint.

We interpret this as a result of increasing extinction due to Alternatively, the K emission may be confined to a thin

dust in the plane. From our best fit model, approximately 6annulus in the galaxy. This annulus would have to be in the

magnitudes of extinction, along the line of sight to the eentouter parts of the galaxy, with little or no emission insitiaVe

of the galaxy, are implied by this interpretation of the ¢ataonsider such a distribution of theaHo be unlikely, especially

assuming that there is no extinction in the HI. in the view of the kv at higheriz|, as we shall discuss in section
As we sample kit emission at larger radialfiset we look [6.2.

closer to the line of nodes, and the velocities increase unti Figure[I1 clearly shows the dichotomy between the NE and
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SW discussed earlier (seci. 4). If NGC 891 has spiral arnes, th
asymmetry suggests that thextémission on the north side is
emanating from H regions located on the outside of the spiral
arm, while to the south we are viewing the opposite arm from
the inside. This suggested morphology is also consistettit wi 300}
the fact that the North-East side of the galaxy is approach
while the South-West side is receding, since then the sainas
are trailing. From the ratio of emission between the NE aed th 200}
SW side along the along the major axis this morphology insplie
an extra 1.1 magnitudes of extinction on the SW side due to the
spiral arm.

6.2. Kinematics at high z

Veloelty (km/s)
o

Figured IB[(I¥ and 15 show velocity cuts parallel to the major

axis at an fset of 24-33, 46-65 and 66-104 arcsec respectively.
The first thing that we notice from these figures is that the -0}

dichotomy in intensity is also clearly visible above thermaln

fact, as we can see from Figs]14 and 15, abeve 30 there

is not enough emission on the SW side to say anything sensible

about the rotation of the gas.

Since dust absorption above the plane is likely to be negligi !
ble this fact suggests that the dichotomy is a real physitete
and that star formation in the SW is less intense, assumiag th e v pros pows -
extra-planar gas is indeed brought up from the disk by a mecha Radial Offsst (Arcsec)
nism related to star formation.

As an initial guess of the gradient, and to compare with the

observations of Heald et'al. (2006), we performed envelg@e t Fig 13, Color plot of the Hr PV-diagram at 26-34 arcsec (1.2-
ing on Fig[138, Fig. T4 and Fig. 115. Envelope tracing basjda 1 6 kpc) dfset from the major axis. Contours are at-3The
Gaussian profiles, with a dispersion equal to the intrinsipet- \yhite solid contour is the data, black contour is the bestdidet
sion of the gas convolved with the instrumental disperdithe  (vodel 3, TablER), red contour is the best fit model with an

three points with the highest rotational velocity above Ihe assumed vertical gradient of 16.5 kit &pc? in the rotation
peak position of the fitted Gauss is then considered thdoo®t cyrve (Model G3), TablEl2.

velocity. This method is not very trust worthy above the plaf
the galaxy where the/N can become low (see Fraternali et al.
(2005%)) not only lag compared to the disk but that the rotation cuisesr

The points obtained with this method are shown in Eig. 18ss steep radially the higher we look above the plane.
(left). For comparison, Figufe 116 (left) also shows the Héatimn A close inspection of FigurE_13 shows us that there are
curve on the major axis and the results of Heald =t al. (2006). two more places where the data deviate from the model. The
see that in general our data is in agreement with their SPARSBRodel underestimates the intensities at low velocitiesauea-
PAK observations. Since we have a full cube we can study thstimates them at high velocities. The lack of gas at high ve-
slope of the rotation curve in the inner parts. We find thatvabolocities at all radii confirms the lagging rotation curve falu
the plane the rotation curve rises less steeply with ratlieiéur- by |[Fraternali et al.| (2005) and Heald et al. (2006). If we draw
ther we get from the plane. The Hl observations already Hiate a straight line through the lower part of the- 8ontour of the
this but due to the resolution this result could not be corditm data and and then draw a straight line through the same aontou
At every height we average the points obtained at radii largef Model 3 we can measure the lagging of the halo. In this way
than 80 arcsec. These points are shown in[Eiy). 16 (righth Witve find a diference between Model 3 and the dat48.75+ 6.3
these three points we find from envelope tracing a gradiebfof km s* at a vertical é&fset of 30 arcsec (1.4 kpc).
+6.3kmstkpc?t. In the diagram that shows the gas at dfset of 60 arcsec

Figure 1B shows that the general slope of the diagram steélpig.[14) we see that the slope of the emission becomes kg3 st

ens compared to PV-diagram at the major axis. This is as wempared to the slope at 30 arcsec. This is the continfiedte
would expect since the gas is less obscured by the dust afbvedf the rotation curve rising less steeply with radius thétfer we
plane. Therefore, we can look farther into the galaxy an lto get from the plane. For thidfect to be caused by dust the dust
gas closer to the line of nodes. This steepening is also #sore extinction would have to increase again which seems highdy u
why a thin annulus in the outer parts of the galaxy ($&1) likely.
is very unlikely. In such a distribution this steepening Voot From Figurd_I# we find a fierence between Model 3 and
be possible unless the gas of the annulus would move inwardfas data, by comparing ther3contours, of 65 + 6.3 km s,
it rises above the plane. Such dfeet seems highly unlikely. At this height we cannot be completely certain we are looking

If we compare the data to Model 3 we see that the steepenthg flat part of the rotation curve. Therefore, thefeas could
is not enough. Our model has much more gas at high velocitedso be caused by radial redistribution of the gas. We cengid
near the center of the galaxy. This lack of gas at the highcikelounlikely that such a redistribution completely causes tianges
ties in the center might still be aiffect of the dust but could also of the observed PV-diagram because intensity cuts patalfeé
indicate that the rotational velocities of the gas abovepthee major axis only show a hint of such affect and only at the East

—300F
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Fig. 16. (Left) Results of employing envelope tracing to the data.
Blue (pluses): HI on the major axis (Fraternali etlal., 2008
points found by Heald et al. (2006), at verticdlsets~ 30 arc-
sec (squares)r 50 arcsec (triangles) and 80 arcsec (dia-
monds). Black: our data at verticafsets of 30 arcsec (squares),
40 arcsec (crosses), 58 arcsec (triangles) and 88 arcsec (di
monds). (Right) The average rotational velocity obtaineth w
envelope tracing at a verticalfeet of 30, 40, 58 and 88 arcsec
(1.4, 1.9, 2.7 and 4.1 kpc) for our data (squares) and average
points as obtained by Heald et al. (2006) at verti¢tdets~ 30,

50, 80 arcsec (1.4, 2.4, 3.7 kpc)(triangles).

Fig.14. Same as Fid. 13 except now for the bin 48-67 arcsec

(2.2-3.1 kpc) dset from the major axis.
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side of the galaxy, as shown by Heald €t lal. (2006) (their Fig.
while the West side is the brighter side of the halo.

Figure[I5 shows the gas at 90 arcséset from the major
axis. The emission of the filuse gas at this height is very low
and we had too compare the-Tontours of the model and the
data. Therefore conclusions drawn from this plot are cansidl
to be no more than indicative. At this verticeffget the &ects
observed at a 60 arcseffget continue. Comparing the highest
velocity of the b- contour at this height with Model 3 we ob-
serve a dierence of 825+ 125 km st

When we assume that the gradient starts on the major axis
we find the slope of the gradient to bel8.8 + 6.3 km s when
we fit the points at 30, 60 and 90 arcsec (1.4, 2.7 and 4.1 kpc).

After determining the gradient of the lag we constructed a
model (Model G3, see Tablg 2) in which the rotation curve is
scaled down at highdg by subtracting at every vertical step
in the modellZ x 18.8 km s, with |7 in kpc, from the rota-
tion curve as obtained from the HI. The vertical step sizénan t
model was 49 pc (1.05 arcsec). Model G3 is plotted in Figk. 13,
[I4 andTb as the red contours. We see that gas is still misking a
various places in the diagram but that the maximum and mini-
mum velocities are approximately the same for the data as thi
model at the 8 contour. Thus confirming that there is a gradient
of -18.8t6.3 km s kpc! in the observations. The explanation
for the missing gas remains the same as before since we did not
change the shape of the rotation curve.

Another way to look at the kinematics at highgris by
constructing PV diagrams along the minor axis and paratlel t
the minor axis at some radiaffeet. To optimize the informa-
tion in the diagrams we normalized them by dividing everglin
profile by it's maximum. Figure17 is an example of such a PV-

Fig. 15. Same as Fid. 13 except now for the bin 68-107 arcs@fagram. This PV-diagram is constructed by looking throtigh

(3.2-4.9 kpc) dset from the major axis.

cube at a radial fiset of 150 arcsec and is a cut parallel to the
minor axis. Overlaid on the color scale are the 3, 6,&ntours
of the HI. Looking at this plot the first thing we see is that the
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Fig.17. Normalized color plot of the bl PV-diagram at a radial Fig.19. Same ak17 but now at the minor axis position.
offset of 150 arcsec parallel to the minor axis and overlaid with

contours of HI at 3, 60 and 9.
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Fig. 18. Same ak 17 but now at a radidfset of 75 arcsec.

HI is much more extended vertically than the.Hrhis is partly
due to beam smearing but not completely. If we look at the H
at low mean velocity4 140 km s1) we see that in the plane
of the galaxy (e.g. Offiset) the maximum of the emission lies at
this low mean velocity. Moving away from the plane the max-
imum of the emission first rises to higher mean velocities and
then drops again. The initial rise is caused by diminishingtd
attenuation. As we move further from the plane the maximum
of the emission drops to lower mean velocities again. Thapdr

is caused by the lower rotational velocities at higleThe Hy

is much less extended than the HlI, in velocity as well as ver-
tical size gem=0.5 kpc (Dettmar, 1990), the ionized gas scale
height is twice thiszy=2.3 kpc (T.Oosterloo, priv. communica-
tion)). Considering the sensitivity of both observationsauld
well be that our k observations are just not sensitive enough
to observe all the ionized gas in the galaxy. We also plot PV
diagrams parallel to the minor axis at fiset of 75 arcsec and
on the minor axis itself, Figurds 118 ahd 19 respectivelyhim t
figure at 75 arcsecftset from the minor axis we see the same
behavior as at 150 arcseffset, only here the rise and drop in
mean velocities is much more extreme. We also see that in this
diagram the mean velocity at the highefiiset from the plane
drops back towards systemic. Thidfdrence is caused by the
rotation curve which rises less steep the further we lookrabo
the plane. Looking at the diagram which is a cut along the mi-
nor axis of the galaxy (Fig. 19) we see that here the maximum
of the Hy emission lies one channel below systemic velocity at
almost all the €fsets from the plane. Thidiget is about 18 km
s~ which is larger than the error in the wavelength calibration
(e.g., 6 km st). We are confident thisfEset is not an error in our
velocity scale. In principle we could check this by compgtimne

flat rotation speeds on the North side to those on the Sou¢h sid
but we think such a check is unreliable due to tffees of dust
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on the South side. the distribution of the Kt is displaced to larger radii or lower
The flat shape in Figufe 119 is as expected; tffieet from rotational velocities. This féect increases as we look higher
systemic is unexpected. We realize that our central pos@fo above the plane. This means that the higher we look above the
the galaxy is somewhat to the south from the central positiptane, the less steep the rotation curve rises. We can confirm
generally used in kinematical studies, but notice thatisigithe this by comparing three cuts through the cube along andlphral
central position to the north would further remove us from thto the minor axis. After normalizing these PV-diagrams we ca
kinematical center of the & Also our kinematical center andclearly see that the ¢lat a distance of 75 arcsec from the center
the center used in this paper would lie in the same resoletion has a larger gradient than therkdt 150 arcsec from the center.
ement of the HI observations. We note that at a verti@iglet of
~ 60 arcsec the maximum seems to be displaced more from the
systemic velocity. This is a reaffect and is not caused by ourAcknowledgements. We wish to thank the referee R. Rand for many useful com-

. : o P ments, F.Fraternali for providing the HI rotation curve Obsterloo for provid-
way of binning the data. Whether this deviation is imporfant ing the HI data on NGC 891, G. Heald and R. Rand for providingrthie

understanding the general dynamics of the halo remain®ancl otation points and a calibratechHmage, M. Potter for providing the DSS posi-

tions for the stars used for the astrometry, and R. Sancisisaghtful comments
and discussion on the paper.
7. Summary

We present Fabry-l?erotd—!mea}surements (_)f the edge-Ofkeferences
galaxy NGC 891. This is the first time kinematical data for the
Ha are presented for the whole of NGC 891. Barnabe, M., Ciotti, L., Fraternali, F., & Sancisi, R. 20@0&A, 446, 61

In our observations we can clearly see Emission above B!and. 3. & Tully, R. B. 1989, AJ, 98, 723

. . . regman, J. N. 1980, ApJ, 236, 577
and below the plane of NGC 891. This vertical extent is alyeatgreitschwerdt, D. & Schmutzler, T. 1999, A&A, 347, 650
visible in the separate channel maps and becomes even nmgschwerdt, D., Voelk, H. J., & McKenzie, J. F. 1991, A&245, 79
R AN s, . Dettar, 3. & Humme, £. 1004 A&, 200, 264
ici i em, ., , R.-d., , E. , s ,
e e the o e Mor st A e St ecle e, . & Bt 2005 A&, 436,56
; o : ) ettmar, R.-J. 1990, A&A, 232, L15

side of the galaxy. This dichotomy is not restricted to th&npl pettmar, R. J. 1992, Fundamentals of Cosmic Physics, 15, 143
of the galaxy but is also clearly visible above the planec&inFraternali, F. & Binney, J. J. 2006, MNRAS, 366, 449
dust absorption is negligible above the plane it is likelgttthis Ffaéefng"él'_:-éoosﬁ'oov EA-' f;”"is" R., & Swaters2B05, in ASP Conf.
dichotomy is a real physicafiect. Assuming that the halo ga eag"G. v ét;ﬁd, ;’_“’3‘2 B?e?ﬁamin, R. A, & Bershady, M. ADGDADJ, 647,
is brought up from the plane by a SFR related mechanism, this; ;g
implies that the SFR on the South-West side of the galaxyHgopes, C. G., Walterbos, R. A. M., & Rand, R. J. 1999, ApJ, 558
much lower than on the North-East side of the galaxy. Howk, J. C. & Savage, B. D. 1997, AJ, 114, 2463

For the interpretation of the kinematics of the extra-ptan&ummel. E., Dahlem, M., van der Hulst, J. M., & Sukumar, S.TL98&A, 246,
gas we constructed several 3-D models of an exponentjgles b i shopbell, P. L., & Bland-Hawthorn, J. 2002, MER329, 759
disk rotating with a rotation curve derived from the HI dat®&eppel, J. W., Dettmar, R.-J., Gallagher, J. S., & RobertsSM.991, ApJ, 374,
(Fraternali et al., 2005). Included in the models is a umifor 507
dust layer of given optical depth distributed exponentiali Koopmann, R. A., Haynes, M. P., & Catinella, B. 2006, AJ, 116
radius and height and a truncation radius. M(')"r‘f;é ﬁ g ivglllllf;férﬁ' éogg,sgpisj 1§fé3§$’2
We started with models that have the same scale length fqkis R A., Bregman, J. N., & Sgho‘ﬁngen, 3. M. 1994, ARY,4.60
the dust disk as the dddisk (hgy = hqg = 5 kpc). We find that Ppildis, R. A., Bregman, J. N., & Schombert, J. M. 1994b, Aj2B 4190
such models generate too much intensity at large radii agitl hRand, R. J. 1996, ApJ, 462, 712
velocities when we compare them to the data. To overco %“g' R.J. 199&' APJ'S474' ézg 990 25
this problem we modeled_ the_galaxy with a dust scale Ieng_th Ed: E: j Eﬂlkg:ﬂ: S, E:: & :Zgg: ‘J]: ‘J]: 1992: QB‘J}: 336: '5%
8.1 kpc, as derived by Xilouris etial. (1998) from observasio reynolds, R. J. 1990, in IAU Symp. 139: The Galactic and Epetactic
in the V-band. The longer scale length of the dust reduces theBackground Radiation, ed. S. Bowyer & C. Leinert, 157-169
intensity of the gas at large radii and high velocities. Tdlso Rossa J. & Deéfm,a:aRé'J- 20%3,6A&A, 4%3' 50652
provides us with a upper limit scale length of the ionized g%‘ﬁt’g&%&” SFalﬁci’si, h.B,'g:LLVZm’dAé?JHMS?,’}. M. 1007, A, 440
of 6.5 kpc (Model 1.1). Longer scale lengths would reintre@lu yan ger kruit, P. C. & Searle, L. 1981, A&A, 95, 116
the too high intensities found in the first models. A loweritim Xilouris, E. M., Alton, P. B., Davies, J. |, et al. 1998, A&A31, 894
is found for a model with a scale length of 2.5 kpc (Model 2.2).
Models with even shorter scale lengths do not produce enough
intensity at large radii. Better constrains could be ol&diif the
truncation radius of the dust disk would be known.

When we fit models in this range to the PV-diagram of the
major axis we find that the best fit is a model with a central
attenuation ofry, = 6, a cut df radiusRnax = 14 kpc and
a scale length and height of 5.0 kpc and 0.8 kpc respectively
(Model 3). By comparing PV-diagrams above the plane to the
models kinematical information about the galaxy is exwect
from the data. We confirm the lagging of the halo, as found by
Fraternali et al.| (2005) and Heald et al. (2006), and detemi
that i[his lagging occurs with gradient ef 188 + 6.3 km s
kpc.

In the PV-diagrams we also see that compared to the models
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