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ABSTRACT

We present a study of the morphology and kinematics of theraleydrogen in the gas-rictMy, = 1.5 x 10'° M), massive early-
type galaxy NGC 1167, which was observed with the WesterBgrithesis Radio Telescope (WSRT). Theisllocated in a 160 kpc
disk (= 3x Dys) and has low surface density @ M, pc?). The disk shows regular rotation for 65 kpc but several signs of recent
and ongoing interaction and merging with fairly massive pamions are observed. No population of cold gas clouds isrebd — in
contrast to what is found in some spiral galaxies. This ssiggat currently the main mechanism bringing in cold gakedisk is
the accretion of fairly massive satellite galaxies, rathan the accretion of a large number of small gas clumps. NG&Z is located
in a (gas-) rich environment: we detect eight companionk wibtal Ht mass of~6 x 10° M, within a projected distance of 350 kpc.
Deep optical images show a disrupted satellite at the nortbége of the H disk. The observed rotation curve shows a prominent
bump of about 50 km3 (in the plane of the disk) at ~ 1.3 x Rys. This feature in the rotation curve occurs at the radius wiiee

H 1 surface density drops significantly and may be due to lacgéestreaming motions in the disk. We suspect that bothttearsing
motions and the kdensity distribution are the result of the interactamtretion with the disrupted satellite. Like in other gédax
with wiggles and bumps in the rotation curvej Btaling describes the observed rotation curve best. Weestigjgat interactions
create streaming motions and features in thelehsity distribution and that this is the reason for the sssof H scaling in fitting
such rotation curves.

Key words. galaxies: individual (NGC 1167) — galaxies: kinematics alydamics — galaxies: structure — galaxies: evolution —
galaxies: formation — galaxies: interactions

1. Introduction ing massive galaxies (e.g._Faber etal., 1997; Kormendy,et al
i ) 2009), a comparison of N-body simulations with observation

Observations show that early-type galaxies (ETGs) cofyggests that present-day ETGs can not have assembled more
tinue to form their structures over cosmic times down ighan 5004 of their mass via dry merginig (Nipoti et al., 2009).
the present day. Evidence comes from studies of ioniSgesseit et all (2007) and Hopkins et Al (2009) have showin tha
gas (e.g.LSadler & Gerhard, 1985; Sarzietal.. 2006), fiRg,yations of dry mergers are not able to reproduce some ob-
structure in_optical morphology (e.g._Malin & Carter. 1983gared quantities such as counter-rotating cores, vgloit
Schweizer & Seitzer!_1992) and from_stellar-population ifesion features and structural properties of ETGs, wisettea
vestigations (e.g. Trager etal., 2000; TadhunteretalQ520 incysion of a gas component in the simulations (10% of the
Numerous studies of the properties ofi kh and around paryonic mass) helps to reproduce the main observed feature
ETGs (see, e.g.. Knapp et al., 1985; Roberts & Haynes.! 1994y reover, dissipative mergers and satellite accretiomisvare
Grossi et al.. 2009) are strongly supporting the pictured@ peeded to explain, e.g., the dynamical structure of digk-li
going assembly of ETGs. About 50% of the field ETGs haveTgs [Naab et all. 2006).
detectable amounts of iHsometimes forming large, regular ro- ) )
tating disk structures (elg. Morganti et al., 2006; Oostedt al., The accretiopmerging of fairly massive companion galax-
2007b). ies is one possible process to provide the required gas

In order to be able to evolve, ETGs need to keep on accretiphsses to ETGs, but other mechanisms can be important as
cold gas. For instance, cold gas is required to explain tle Siye||. |n particular the slow but long-lasting infall of cold
Ial’ k|nemat|Ca| pI’OpertIeS Observed in ETGs (Emse”emet aéas from the IGM is predicted as a possib|e mechanism
2007) Serra & Oosterloo (2010) find evidence that up to 5% thlCh can provide |arge gas masses over cosmic times (eg
the stellar mass in ETGs is contained in young stars thatefdrnBinneV, 1977; Kered et all, 2005). In the framework of hi-
during the past1 Gyr. Moreover, Serra & Oosterloo (2010) argrarchical galaxy formation, new cold gas is added to the
gue that a large fraction of ETGs have accreted about 10%flo or deposited in the outer parts of galaxies where it
their baryonic mass as cold gas over the past few Gyr. forms a reservoir to fuel the inner parts of galaxies. Howeve

In addition, theoretical work suggests that cold gas is an @Re exact mechanism, how the gas cools (or remains cool),
sential ingredient for the evolution of ETGs. While dissipa- condenses and penetrates to the inner disk without getting
less (gas-free or “dry”) mergers can explain boxy, slowlato shock heated is currently still under debate (€.9. Peek,et al
2008; | Dekel & Birnboim,| 2008; Kawata & Mulchaey, 2008;
* e-mail: struve@astron.nl Brooks et al., 2009; KereS & Hernguist, 2009).
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Whether the accretigmerging of a few fairly massive satel-
lites is the main disk building process or whether the carttirs
infall of many small gas clumps plays a dominant role for the
continuing assembly of ETGs is not clear. Given the impar¢an
of cold gas for the evolution of ETGs, motivated by observa-
tions and theoretical work, it is essential to investightedrigin
of cold gas in ETGs.

The question of how galaxies accrete gas is not only impor-
tant for ETGs, but also for spiral galaxies and hence fongala
evolution as a whole. Signs of gas accretion are found ingelar
number of galaxies (for instance: gas-rich minor mergeis; |
sided disks, gas filaments, extra-planar, for a review, see
Sancisi et all, 2008), showing the continuing assembly Ebga
ies. For spiral galaxies the continuous supply of cold gasiis

Table 1: Optical and radio parameters for NGC 1167.

Parameter Value Reference
Morphological type SAO0 1
Centera (J2000.0) 0301424 1
Centers (J2000.0) 3512 20.7 1
Distance (Mpc) 70 1
Lg (Lo) 7.4 % 10 2
Systemic velocity (kms) 4951+ 3 3
Dos (kpC) 49 1
Dy (kpc) 160 3
Total Hr mass W) 15x 10° 3
Hrinclination (deg) 38 3
Mean P.A. (no warp) (deg) 75 3
Total mass ¥,) > 1.6 x 1012 3

portant because gas consumption times are usually shdrein Note. — Units of right ascension are hours, minutes, andnskco
inner regions (typicall 1-2 Gyr; see, e.g., Bigiel et al., 2008).and units of declination are degrees, arcminutes, andaods.
Hence, these galaxies can only maintain their observedastar References. — (1) NED; (2) based on LEDA; (3) this work.

mation rates if they manage to keep on acquiring gas, either
through merging or via the accretion of small gas clumps from
the IGM. An interesting aspect in that respect is whether ETG
accrete gas in the same way, or if other mechanisms might sup-

Table 2: Summary of observations.

press the accretion of cold gas onto the disk, which may then

explain the absence of current star formation.

Neutral hydrogen studies of gas-rich, massive ETGs provide
a powerful tool to investigate where the cold gas in these sys
tems comes from. Because the cold gas column densities must b
low (since large-scale star formation does not occur), thénH
Hi-rich ETGs is often distributed in large structures (seg,, €.
Morganti et al.| 2006;_Oaosterloo et al., 2007b). At largeiirad
dynamical timescales are large, allowing to investigaseeio-

lution of the galaxy over the past few Gyr. Since ETGs con-
tinue to form their structures down to the present day, the ro
of the Hr in this formation process can be investigated over Gyr
timescales.

A second reason to observer-Hch ETGs is that it allows
to study in detail the accretion of small gas clumps. In récen

Total observing time 138 h
Total on-source integration time ~107h
Observing period Oct. 2006 to
Nov. 2008
Bandwidth 20 MHz
Number of spectral channels 1024
Channel separation 8.5 km's
Velocity resolution (after Hanning) 17.0 km's
Bandpas#lux calibrator 3C48 and 3C147
Weighting scheme robust 0.4
Resolution 289 x 16'8
Beam position angle °B
rms noise (mJy bearh) in the cubes 0.125
rms noise per channel (faitoms cm?) 4.8
rms noise per channeM;, pc 2) 0.039
Detection limit (3- over 3 channels) (f0,) 5.6

years, neutral hydrogen gas has been detected in the hglé of s
rals (for a review, see Sancisi et al., 2008) and the existeffic
H1in the halo could be partly explained by the accretion of §mal
cold gas clumps. However, an alternative mechanism foigbrin
ing Hr in the halo is star formation (supernova explosions and

stellar winds blow gas into the halo) and it is not easy inapireyond the optical disk out to telR-band disk scale lengths.
galaxies to determine which of the two mechanism is the md3gep optical observations show a faint, tightly wound dpira

important one.

structure atr < 30 kpc (Emonts et all, 2010). No stellar bar

To study the accretion of small gas clouds, it is thus us&lructure is visible in the data.dHemission-line imaging re-
ful to observe galaxies with no or little star formation, suxs vealed no emission (log < 37.6), except for close to the
early-type and low surface brightness galaxies that haiewo AGN (< 5 kpc), and hence no sign of ongoing star formation
supernovae explosions. Only very few such galaxies have béBogge & Eskridge, 1993) — in agreement with léng-slit ob-
studied so faf. Matthews & WobH (2003) detectediiithe halo Servations obtained by Emants (2006). X-ray observatiors a
of the LSB galaxy UGC 7321 but concluded that even in this 10 keV (Akylas & Georgantopoulcs, 2009) show a X-ray halo
galaxy the energy provided by supernovae explosions mightWhICh extends beyonB,s (J. Rasmussen, private communica-

sufficient to explain the gas in the halo.

tion). In addition to the investigation of the origin of theld gas,

In this paper we investigate how the cold gas in the earlg-ty1€ very extended Hdisk allows to derive a rotation curve out
(SA0) galaxy NGC 1167 (UGC 2487) is accreted in order to ut large radii and to investigate the mass dlstrlbqt|0n oltge
derstand where the Homes from. We present deep bbserva- distances from the centre. Some optical and radio paragter
tions performed with the Westerbork Synthesis Radio Tejesc 9iven in Tableé .

(WSRT). NGC 1167 is a giant disk galaxif = —21.7 mag,

The organisation of this paper is as follows: in Sect. 2 we de-

D5 = 56 kpc), seen at low inclination, known to host a relativelgcribe the observations, while Sect. 3 presents the oligaTah

powerful (1¢* W Hz ! at 1.4 GHz) radio source (B2 02585).

results and in Sect. 4 we search for a possiblehblo compo-

What makes this galaxy interesting for the study of the arighent. In Sect. 5 we derive a rotation curve to investigatelible
of the cold gas is that previousitbbservations had shown adynamics. A discussion is given in Sect. 6 and a summary in

regular rotating 160 kpc disk with a totaliHnass> 10'° M,
(Noordermeer et all, 2005; Emonts et al., 2007). The sdr-

face density is low £ 2 M, pc?) and the H disk extends quently 3’ correspond to about 1 kpc.

Sect. 7. The redshift of NGC 1167 £ 0.0165) translates to a
distance of D= 70 Mpc assumingdo = 71 km s and conse-
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Fig. 1: DSS2 image showing theildroup environment of NGC 1167. Numbers correspond to nusiih@fabld 8. H contour levels
are: 1,2, 4, 8,16 and 3210 atoms cm?.

2. Observations and data reduction noise ratio, two channels were binned and subsequentlyikiginn
smoothed resulting in a spectral resolution of 17 kria the

A ten-hour WSRT service observation in 2006 was followed-wutput data cube. The data reduction was performed using the

by eleven 12-h observing runs in 2008 (see Tab. 2). The net MMRIAD package (Sault et &l., 1995).

source integration time is about 107 h. The strong radioigent

uum source in the centre (1.8 Jy) required non-standardreali

t!on. In order'go guarantee a stable bandpass, calibratiserga- After flagging, bandpass and phase calibration were per-
tions of 15 minutes were performed every two hours. 3C48 aggneq. |n addition, on every individual data set self4ogdiion
3C147 were used as calibrators. An almost uniformly filled Ut the continuum emission was done and the results of this als

plane could be achieved for the combined data by interleavighjied to the line data. The continuum model was subtracted
the hour angle of the calibration observations betweerviddi ¢om the line data and the residual continuum emission was re
ual observations. moved by making a fit to the line-free channels of each visjbil

The observing band was centred on the redshift ofcord. The data cube was cleaned using the Clark algoritbm.
NGC 1167. The total bandwidth was 20 MHz, correspondirthe extended emission a cube with robust weighting of 0.dgjiv
to a velocity range 0£3700 km s?, and was covered with 1024the best compromise between spatial resolution and setysiti
channels (dual polarisation). In order to increase theaditp: which is used for the analysis of therldata.
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Table 3: Properties of Hdetections.

No. Identification RA Dec Vsys AV AVyg D Do Dos Fo Fe My,

1) (2) (3) (4) G 6 @ @ (9 10 (11) (12) (13)
0 NGC 1167 0301424 351220.7 4951 520 - 69.7 - - 457.65 461.33.321
1 J03024783504284 030247.8 350428.4 4864 103 -87 68.5 155 3104 1.62 2.54 10.08
2 2MASX? 030148.6 3505424 4903 213 -48  69.1 6.7 134.8 16.29 17.70 780.5
3 UGC 2465 030037.4 351008.7 5065 529 114 713 13.4 267.6 357.280.90 2.812

4 J03020943511126 030209.1 351112.0 4907 34 -44  69.1 56 111.6 0.39 0.41 0.013
5 J03012223514058 030122.2 3514055 5057 42 106 71.2 45 89.4 0.78 0.81 0.028
6 J03020953516308 030209.5 351630.8 4903 77 -48  69.1 6.9 138.0 13.20 14.39 00.47
7 J030230%351658% 030230.7 351658.1 5245 128 194 739 10.9 217.9 6.07 756 20.28
8 J03014943529012 030149.1 352901.2 4954 94 3 69.8 16.7 334.0 25.59 43.10 1.436

Note. — (1) Number in Fidg.]1. (2) Name (NEMJentification. (3) Centre: Right ascension. (4) CentreclDation. (5) Systemic ve-
locity [km s71]. (6) Line width above &-. (7) Velocity of-set from NGC 1167. (8) Distance from Earth assuming Hubble (Ho =
71) [Mpc]. (9) Of-set from NGC 1167 [arcmin]. (10) Bset from NGC 1167 [kpc]. (11) Integrated flux [Jy km'k (12) Primary
beam corrected Flux [Jy knTY. (13) H1 mass [18M,]. ! counterpart on DSS image&full name is: 2MASX J030148643505423;

3 star in front;* no counterpart on DSS image.
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Fig. 2: Radial H surface density profile.
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Figure[1 shows the total Hmage of NGC 1167 and its neigh-
bours. This image was obtained by smoothing the data cube to
35” resolution and using this smoothed cube to create a mask
(blanking all signal below 305 in the smoothed cube) which
was applied to the original cube. Ther ldxtends over 160 kpc

in diameter & 3 x Dys), with a total Hr mass detected in emis-
sion of 15x 10'° M,, (which is roughly three times the Hnass

of the Milky Way;|Henderson et al., 1982). Channel maps are
shown in Fig[Al and the radial Hiensity profile in Figurgl2.
The highest H surface density is found at the radius of the faint,
tightly wound spiral structure found in optical images (F8y

see also Emonts et al. 2010). Absorption is detected aghiast
strong central continuum, which is unresolved at our regmiu
Higher resolution observations show that the absorptiafeis
tected against a kpc scale structure. This will be discussed
future paper (Struve et al. in prep.). The apparent centegd th
surface density (Fi§]2) ifiected by the absorption. Despite the
large Hi mass, the surface density is too low for star formation
to occur globally.

To the southwest of NGC 1167, the Extends to larger radii
as compared to the rest of the galaxy (see Hig. 4, left panel).
The gas in this region does not follow exactly the rotatiothef
regularly rotating~65 kpc disk (see also Fig.A.1).

The derivation of a velocity field is not straightforward.
Some of the velocity profiles are broad (see Elg. 5[@nd 7 for a
few examples) and close to the centre<(100’) beamsmearing
becomes severe due to the large beam size (9.6 x 5.6 kpc)and th
steep velocity gradients. To minimise beamsmeariteres, we
use the velocity of the peak of the profile instead of the isitgn
weighted mean. The resulting velocity field (Hig. 4, rightpb
shows that the gas kinematics flo< 65 kpc is dominated by
regular large-scale rotation.

The radial velocities along the major axis and the main rota-
tional properties are shown in Fd. 5. The rotation curveijee
in Sect. 5 and over-plotted on the major-axis slice in Elgis5)

Fig. 3: B-band image from_Emonts etlal. (2010) showing thesing within the central beam and is essentially flat outhie t

faint spiral structure of the stellar disk.

3. Results
3.1. NGC 1167

largest radii measured. However, on both the approachidg an
receding side, at radii betweer26 and~45 kpc, the rotation
curve makes a 25 kntsjump up and goes down again by about
37 km st (uncorrected for inclination). The radius of the peak of
the jump ¢ ~ 36 kpc) and the radial extent of this jump are sim-
ilar, but not completely identical for the approaching aeded-

The high sensitivity of our observations has allowed to déag side. This “bump” in velocity occurs just outside theghrt

tect new faint H structures compared to earlier observationsptical disk atr

~

1.3 x Rys, exactly at the radius where the
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Fig. 4: Left panel: Total H intensity map of NGC 1167. Contour levels are: 1, 2, 4, 8, 16 2 10'° atoms cm?. Right panel:
Velocity field based on the peak of the profile (see text). Thaarcontour indicates the systemic velocity, 4951 ki the black
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lower left corners.
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Fig.5: Position-velocity slice along the major axis. Theit@tsquares give the rotation curve as derived from modglsee
Sect. 5). The bump in the rotation curve is clearly visiblen®@ur levels: -9, -6, —3, =2 (thin black), 2, 3, 6 and(&hick black).
The horizontal dashed line indicates the systemic velocity

H 1 surface brightness rapidly drops (Hig. 2). This is furthier d The most massive galaxy besides NGC 1167, UGC 2465, is
cussed in Sect. 6.3. located 268 kpc (projected) west and shows a distortechbt-
phology and kinematics. In addition, deep optical obsénat

. (for details, see Emonts et al., 2010) show a disruptedlisatel
8.2. The (H1) environment of NGC 1167 at the northern edge of theitlisk with a possible tail towards
We detect eight sources (Fig. 1) in the vicinity of NGC 116the region of the southwesternit¢xtension (Figl6, see also
with H1 masses between1 x 10’ M, and 3x 10° M, withina Sect. 6.1). Besides these two cases, none of the othedetéc-
projected radius of 350 kpc. The total amount ofik the envi- tions show hints of an interaction with NGC 1167 in terms of
ronmentis 57x10° M. Two of the detections are identified withbridges or tails.

catalogued galaxies. Talile 3 summarizes the basic preperi Five detected galaxies (No. 1, 2, 6, 7 and 8 in Tab. 3) show
all H1 detections. indications of regular rotation, despite the low spatigbtation.
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Qosterloo et all, 2007a). This lagging gas is most cleargnse
in a pv-diagram along the major axis in the form of wings on
the side of the lower rotation velocities, toward systerfitese
systematic asymmetries in tha kklocity profiles have been ref-
ered to adeardgSancisi et all, 2001). Low-inclination galaxies
that show prominent beards are e.g. NGC 2403 (Fraterndli et a
2002) and NGC 6946 (Boomsma et al., 2008).

Position-velocity slices along the major axis of NGC 1167
(Fig.[8) or near the major axis (Figl 7, right panel) showlide
profiles that are strongly asymmetric with respect to thekpea
of the line, in particular in the inner part of the disk (siarito
NGC 2403 and NGC 6946). Note that the white squares, which
mark the rotation curve (which we derive in Sect. 5), follow
closely the peaks of the profiles. In some locations the fil
extend (as a beard) 200 km'stoward the systemic velocity
Q8L (Fig.[2, right panel).

37027007 01750 However, there is a majorfiierence between NGC 1167 and
Right Ascension (J2000) previously studied low-inclination galaxies: NGC 1167 s |
cated relatively far away such that the linear resolutiormwf
_ ) _observations is coarse (beam i6 25.6 kpc). As a consequence
Fig.6: B-band image from. Emontsetial. (2010) overlaighe velocity gradients within a beam are large. Hence, broad
W'tg Hi denS|t2y contours. Contour levels: 1, 8 and %6 yg|ocity profiles are observed, in particular close to thetiee
10%° atoms cm<. The arrow indicates the location of the disyyhere the velocity gradients are largest. Because of tige lar-
rupted satellite. tation amplitude, the velocity gradients would even bedaiiy
NGC 1167 would be observed at the same resolution as the pre-

. . . _ viously studied objects. The convolution of the signal wiie
Objects No. 2, 6 and 7 are fairly gas-rich with Fhasses above ,psered beam spreads the emission to neighbouring losatio
10° M. DSS2 images do not show an optical counterpart fQ(cp, that the broad profiles observed in[Big 5[@nd 7 could be the
No. 6 and 7 (see Figl 1). However, the DSS2 images are shallgW,it of beamsmearing instead of indicating a halo. Totilen
and optical counterparts with luminosities several im@Slb 5 hossible H halo component, it is therefore important to com-
could still be present. Close to NGC 1167, at distances 00690 4re the data to a model that takes beamsmearing into account
110 kpc from the centre, we detect two unresolvedduds |, aqdition to the velocity gradients near the centre, NG6711
(No. 4 and 5) with masses just above our detection limit whicd} gy evidence for large, local velocity gradients at olbea-
do not have an optical counterpart in DSS2 either. No adwio 55 que to streaming motions in the disk (see Sect. 5). Also
low-mass H clouds were found in a systematic search using th&ese require that beamsmearing is taken into account in mod
source finder Duchamp_ (Whiting, 2008). elling the Hr disk of NGC 1167.

The thin disk of NGC 1167 is modeled by placing at every
pixel in the cube a Gaussian profile centred at the velocityait
location as derived from the observed velocity field. Thibeu
One of the main reasons to observe NGC 1167 is to investigigeghen convolved with the beam. Thus, this approach ensures
the origin of the large amount of Hn this early-type galaxy. that the local velocity structure and beamsmearifigots are
One possibility is the long-term accretion of a large numbégiken into account. The intensity of the profile is taken fiben
of small cold gas clumps. Signs for the accretion of such gadal Hi map at the position. For the Gaussian profile, a velocity
clouds have been found in the halos of a few spiral galaxas (dispersion of 9 km g is assumed.

a review, see Sancisi et al., 2008). Over a Hubble time, gedax
could accrete a significant fraction (L0° M) of their cold gas
in this way. In order to investigate the possibility that NGT57
also accretes such gas condensations, we search for adesteComparing the model cube with the data shows that the model
halo of Hr clouds. In Sect. 4.1 we explain how to identify gaglescribes the overall kinematics of the if NGC 1167, includ-
that is located in the halo and in Sect. 4.2 we show that Yy the broad profiles seen in many locations. This is ilktstd
H1clouds are detected in the halo of NGC 1167 and place uppeiFig.[7 where we show two representatpeslices. The fact
limits to the accretion of small gas clumps. that our beamsmeared model of the thindisk does explain the
broad profiles indicates that these are due to beamsmeantihg a
that we donotobserve H clouds in the halo of NGC 1167, in
contrast to what is seen in many later-type spiral galaxies.

In low-inclination galaxies, such as NGC 1167, the sepamati  Figure[T also illustrates that the only features not coestst

of gas located in the disk and the halo is not straightforwandith our model are at the noise level. However, many otheh suc
This is because gas located in the halo lies along the sathibs” are presentin the data cube, also at locations alodive
line-of-sight as disk gas, unlike in edge-on systems. Hawevties quite remote from NGC 1167. Therefore, we take the nsasse
the kinematics of the halo gasfidirs from the disk kinemat- and column densities of the clouds of the kind indicated q[Ei

ics such that the velocities of the gas can be used to sepaesté¢he upper limit for any halo populationin NGC 1167.

the halo component from disk gas. For instance, it has been The upper limit of the peak surface density of a possible
found that gaseous halos observed in spirals are laggimge4t H1 halo component is henced® M, pc?, which corresponds
spect to disk rotation (Fraternali et al., 2002; Heald ¢24107; to a column density of & 10'® cm2 and any cloud in the halo

35°16'

14'

12

Declination (J2000)

.
=

01™20°

01™40° 01™30°

4. The search for an Hi1 halo

4.2. An upper limit to the H1 halo

4.1. Identifying halo gas



C. Struve et al.: Cold gas in massive early-type galaxies:dse of NGC 1167 7

Dec: 35° 11' 4.98" (J2000) Dec: 35° 12' 1.00" (J2000)

5200 SN S g = NN BER 5 T T T T g
/ ‘ Lo sl | 5200 ! N
i ~ ) k r Y :
7 5100F 5100
o~ [
g [
2 5000 5000
-
S I 4900
S 4900
2 i 4800
4800F i ]
i 1 4700
L \MO\ =0 S \o’g\ Q@; \qb . ‘Q\’ C (O o) "o
3hgmgQs 405 308 o0s 3h02™o0®  01™50° 01™40° 01™30°
Right Ascension (J2000) Right Ascension (J2000)

Fig. 7: Two east-wegpv-slices of the data cube overplotted with the dontour level (red contour) of our model. Contour levels of
the data: -3, -1.5 (grey), 1.5, 3, 4.5 and @lack). Hr emission not covered by the model is indicated by arrows.

of NGC 1167 has an Hmass of less than 10M,. We note, Radius [kpc]
for comparison, that in some spiral galaxies halos have been 0 20 80 40 50 60 70
observed with average column densities well abov€ tfn2 400 | ' ' ' ' ' I
while the regions with highest Hsurface density in the halo 350 | L LR X i
of, e.g., NGC 2403 and NGC 6946 have column densities above et B
107° cm2 (Fraternali et dll, 2002; Boomsma et al., 2008), which 300 |- -
is a factor~20 above the upper limit for NGC 1167. We can, | i
therefore, rule out that NGC 1167 has anm lhlo with similar E
(column) densities as compared to those late-type, starifig 5 200 .
galaxies. The mean density contrast ratio betweetokhted in > sl |
the disk and in the halo is 20 for NGC 1167. This is signifi-
cantly larger than for NGC 2403 and NGC 891 (ratio is 10 and 100 - .
2.3 respectively), but is similar to the one of NGC 6946 (réi 50 L |
22).

° 30 60 90 120 150 180 210
5. Rotation curve Radius [arcsec]

In this section we further investigate the nature of the velo F(;g. 8: Rotation curve. The error bar indicates the uncetitzs.
ity bump seen in the kinematics of NGC 1167, as describe

in Sect. 3.1. In particular, we investigate whether this- fea
ture reflects the overall mass distribution of this galaxy, o o ) ,
whether it could be indicative of a recent disturbanciesed 2nd down in inclination 06" would be required. Such a bend-
by NGC 1167. We derive a rotation curve and show that none 8 iS not observed in other galaxies and therefore we ttfink t
our applied mass models explains the feature in the kinematt 1S unlikely that this feature reflects such a change iniivzcl
satisfactorily. We conclude that large-scale streamingione 10N
must be present in the disk.

The rotation curve is derived by fitting a set of tilted ringg; ;. Large-scale streaming motions
to the observed velocity field (Figl 4, right panel) (followi
Begeman, 1987). The resulting rotation curve is plottedgn@ The presence of non-circular motions is also evident froen th
and given in Tali. B]1. The rotation curve has two sources of urgsidual velocity field. In Figurg]9 (top panel) the velodigid
certainty. Every data point has an individual errordf3 km s of an axisymmetric model, which is based on our derived rota-
(estimated from the residuals in the velocity field, Fig.I8)ad- tion curve, has been subtracted from the observed veloelt);. fi
dition, a systematic uncertainty exists which depends enrth A large-scale residual structure is seen at the radius ofethe
clination of the disk. Following Begemlan (1987), the sysaéim ture in the rotation curve. We note that the residuals areomwt
uncertainty in inclination for NGC 1167 is 2which is constant pletely axisymmetric, in agreement with the slightly asyetric
with radius { = 38°+2°). This translates into a possible systemappearance of the feature in the rotation curve (Sect. BHi3.
atic ofset of 15 km s'. The position angle is constant withinresidual structure is even more prominent assuming a pflagly
the uncertaintiesRA = 75°+3°). The remarkable bump seen inmodel rotation curve (i.e. without a bump), as shown in thie bo
Fig.[3 is also visible in the rotation curve as a distinct fieat tom panel of FiglP. Additional velocity deviations from the-
at radii between 80and 130. In principle, the feature in the isymmetric model at larger and smaller radii are also presen
kinematics could also be explained as the result of a change i The systematic residuals imply that streaming motions must
inclination instead of rotation velocity. However, a berglup be present in the disk. Simple radial motions are excluded be
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Table 4: Parameters for mass models with isothermal haloscéling and MOND.

model Iy Iy n I'e Po A XZ
Mo/Lo  Mo/Lo kpc  Mgpc3
(1) (2 (3) (4) (5) (6) " ®
minimal y? 4.1 3.6 1.4 106 14.5 - 12.2
max. allowed disk 4.3 4.7 1.4 256 3.0 - 16.3
min. allowed disk 3.8 1.0 1.4 2.7 249.0 - 18.7
constant ML 4.2 4.2 1.4 210 4.4 - 16.6
H1 scaling 45 4.9 46.4 - - - 11.2
MOND 3.8 4.9 1.4 - - 3565 13.8

Note. — (1) model; (2) bulg&-band mass-to-light ratio; (3) didR-band mass-to-light ratio; (4) Hscaling factor; (5) halo core
radius; (6) halo central density; (7) Mond factor; ¢(&)value from fit.

35°15/ i 5.2. Mass models

We model the mass distribution in order to investigate wéeth
] the feature in the rotation curve can be explained by oneef th
10 standard models. We assume that the gravitational poteftia
a disk galaxy can be written as the sum of the individual com-
ponents: stellar bulge, stellar disk, gaseous disk (migtpvith
the Hr scaling factom) and a dark matter halo. To model the
stellar mass distribution we use publisheédand photometry

f, 2006) and adopt Noordermeer’s/diskje sep-
1 aration. The uncertainty of the rotation curv@eats theM/L
estimate by 0.3.
| M@-=o0 None of the tested models reproduces the feature in the
‘ ‘ ‘ rotation curve satisfactorily (see Fig.]10 and Tab. 4). Antru
3ho2mo0° 01™50° 017407 01™m30° cated optical disk (see, e. fluit, 2007) is noeoled
Right Ascension (J2000) and, therefore, neither explains the feature in the ratatiove.
35151 ‘ ‘ - Moreover, even if a truncation in the optical disk would have
RO been observed at the right radius, it would not have been able
given the faintness of the disk, to explain the amplitudehef t
bump.

The best model (smallest overafl) is that of a scaled-up
version of the H mass distribution with no dark matter halo. The
H 1 scaling factor of 33 (correcting for helium) is higher thae t
average value that Hoekstra et al. (2001) found for a sanfple o
24 spiral galaxiesy( = 6.5), but is in agreement with the sys-
-10 tematic trend that more luminous systems require highdingca

factors than low luminosity systems. High scaling factoasen
also been found for other luminous galaxies, eqg= 37 for
1H=° UGC 6787 |(Noordermeer, 2006). However, also in theskal-
gy m— S L 1 ing model the feature in the rotation curve is not perfecjyro-
3"02™00 01™50 01740 0130 . . .
Right Ascension (J2000) duced. The predicted bump is approximately 5 kpc closerédo th
centre than the observed bump.

Fig.9: Top panel: Residual velocity field based on the derive The fact that none of the tested models fits the observed ro-

rotation curve (Fig.18). Bottom panel: Residual velocitydias- tation curve suggests that the feature in the rotation cdoes

suming a flat rotation curve (see text). The beam is indicatednot reflect an equilibrium mass distribution of NGC 1167. In
the lower left corners. Sect. 6.3 we will argue that the bump in velocity is consisten

with the presence of large-scale streaming motions in thle, di
as already suggested from the residual velocity field (Fan®
Sect. 5.1).

(=]
Velocity (km/s)

Declination (J2000)

Declination (J2000)
o
Velocity (km/s)

cause the feature in the rotation curve is seen strongeg ##@ g Discussion

major axis (where radial motions should be zero) and notglon

the minor axis (where they should be maximal). The measuréé start this section by discussing the formation of thedidk
peak velocity of the large-scale residuals is above 34 kin sand the role of dferent accretion mechanisms (Sect. 6.1). In
corresponding to a deprojected amplitude (i.e. velocitghi@ Sect. 6.2 we give possible explanations for the absence@ba p
plane of the disk) of 55 km3. In Sect. 6.3 we argue thatulation of cold gas clouds and Sect. 6.3 briefly comments on a
these large-scale streaming motions may be caused by an inp@ssible connection between tha #ensity and the large-scale
actionfmerging event. streaming motions in the disk.
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Fig. 10: Mass models. The fitted individual contributionghe rotation curve are stellar bulge (short dashed), stditk (long
dashed), gas disk (continuous line) and dark halo (dotiéd).dot-dashed line shows the resulting model rotationecurtae error
bar indicates the uncertainty for an individual data pofrthe observed rotation curve.

these signs are pointing towards an ongoing assembly of the
H1 disk. About 30% of the detectediHn the data cube is lo-
Where does the Hin NGC 1167 come from? The various signgated in companions. Hence, it might be possible that, dwer t
of merging and interaction activities suggest that cuiyetfie course of several Gyr, NGC 1167 has built-up a large fracifon
H1is broughtin by fairly massive satellite galaxies. This mea its H1 disk via minor mergers and interactions with the environ-
that most of the Harrives in large quantities in a few events. ment.

Signs of recent aridr ongoing interactions with the environ- ~ The southwestern extension could be the result of such a mi-
ment of NGC 1167 are, for instance, the southwestern extensnor merger. Figuriel6 shows the disrupted satellite at thinaor
of the Hr disk, the feature in the rotation curve, the disturbeedge of the H disk with a possible tail-like structure all the way
H 1 morphology and kinematics of UGC 2465 and the disrupted the Hr extension (Sect. 3.2). Therefore, we might see also the
satellite at the northern edge of tha Hisk (Sect. 3.2). All of disrupted H in the aftermath of a minor merger. Ther IFhass

6.1. Formation of the H1 disk
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of the southwestern extension is at least 90° M, showing Stellar mass loss:

that the accretion of satellite galaxies can bring in largeants The Hi can not originate from stellar mass loss. All stars shed
of H1. This minor merger may have also induced the large-scafess over their lifetimes. According to models| of Ciotti ket a
streaming motions in the disk that are seen as the featuhein (1991) and Brighenti & Mathews (2000), the expected cold gas
rotation curve (Sect. 5.1, see also Sect. 6.3). The nomdairc mass from stellar mass loss processes for massive galaxikes ¢
motions provide, therefore, another piece of evidenceferac- be > 10'° Mg over a Hubble time. In the case of NGC 1167 it
cretion of, fairly massive, companion galaxies. is unlikely that the H results from stellar mass loss because the
H 1 disk extends well beyond the optical didh; = 3xRys) and

ries therefore more angular momentum than the stars.ir\ls

er galaxies there is little evidence that cold gas comas f

Another possibility is that the Hextension could be causedc r
by a recent interaction with UGC 2465. In this case, the pa&?ﬂ

in_teraction time estimate is r_oughly 1 Gyr, given the _prt_q'elc mass loss processes. In the cases where gas could be asbociat
distance between both _gal_aX|es af‘d assuming a relatlvelt;e_lowith stellar mass loss, it is ionised (see, e.g., SarzileP806).
offset of 200 km s'. This time estimate equals one revolution <
of NGC 1167 (ar = 65 kpc), but is less than the 1.3 Gyr thajxg 4 final remark, we would like to note that all eight detected
one revolution of UGC 2465 takes. After an interaction itk companions of NGC 1167 have systemic velocities close to tha
a few rotations before the gas settles in a rotating diskcsire. of NGC 1167 (none is deviating by more than 200 krh, see
Hence, it is not a surprise that the southwestern extensidn arap[3). Furthermore, all but No. 7 (in Tab. 3) have systersic v
part of the H structure of UGC 2465 is not completely settled.|gcities which follow the sense of rotation of NGC 1167. We<a

Other mechanisms that could contribute to thedi¢k build- Not rule out that this is the result of projectiofiexts. However,
ing process do not seem to play a major role. Below, we brieffickson et al.[(1999) found the trend that companions seem t
discuss the relevance of small gas clouds, the possibiliy o€ close in velocity to the host galaxy in a number of (lateely

major merger and the role of stellar mass loss. spiral galaxies. They argue that their sample is rifeicied by
projection défects and they find evidence for varying sizes of

dark matter halos. However, for galaxy sizes above 200 kgic th
ni:onstraints become weak. Larger statistical samples agenke
& shed more light on this issue.

Accretion of small gas clumps:

We do not find a large number of small gas clumps. In fact, o
two clouds just outside the Hlisk (No. 4 and 5 in Talj.]3) are
detected. The very few tentativeilstructures (with masses of
~10" M), which are not explained by the model (Sect. 4), ar&2. The absence of an H1 halo
features at the noise level and form an upper limit for a possi
ble halo cloud population. The two detected clouds have esas .
at the high mass end of the high velocity clouds (HVCs) o xplain the absence of an extended halo of cold gas clouds.

; ; n principal, small cold gas clouds from the IGM can be ac-
served around the Milky Way and other nearby galaxied €0 '" Principal, sma gas ( :
My <107 Mo: e.g. Thilker et al., 2004; Westmesier et al., 2005reted onto the disks of galaxies (Binney, 1977, see alsb Hec

Wakker et al.| 2007, 2008). Clouds withHnasses~10" M However, the surrounding x-ray halo of massive galaxiesam

were also detected around NGC 2403 (Fraternalilet al., 62003\e cold gas before it can reach the disk (e.g. Nipoti & Binney

NGC 891 (Qosterloo et hl., 2007a), NGC 6946 (Boomsmalet £1001). According to simulations of e.g. Dekel & Birnboim
2008) and NGC 2997 (Hess ef 4. 2009). What makes thde@08), accretion of cold gas is not expected at galaxy masse

! : :
HVCs interesting is that they could be, at least in some ¢ases above~ 10'2 M. The dynamical mass of NGC 1167 is at least

2 _ _ 1
condensations from the IGM. The presence of two such clouH@y” > 1.6x 102 M, (for Fmax = 65 Kpe and’"’t. = 330 km s7). .
around NGC 1167 might, therefore, indicate that the aameti7€nce, NGC 1167 may simply be too massive for the accretion

of small gas clouds, at a low level, occurs. of small gas C'“”?ps- .
Another possible explanation for the absence of an extended

Nevertheless, the absence of a large number of such clowg$ of cold gas clouds in NGC 1167 is the hypothesis that
shows that the “dfuse” accretion of small cold gas clumps frontold halos are caused, directly and indirectly, by star form
the IGM is not the dominant disk building process. The numbgbn. Because NGC 1167 does not form stars, galactic foun-
of required clumpsx 10°) would be unphysically large, giventains from supernovae explosions do not blow any gas into
that we detect only very few such gas clouds. Possible eaplathe halo. However, according to elg. Marinacci et al. (2010)
tions for the absence of gas clouds located in the halo are disis galactic fountain gas would be needed to create Kelvin-

ifferent theoretical explanations have been proposed thit cou

cussed in Sect. 6.2. Helmholtz instabilities in the hot corona such that (hoty gan
condense to clouds that are able to reach the disk. With the
Major merger: presence of supernovae, star-forming galaxies can acetenul

While gas-rich major mergers can form giant low column de®nough cold gas to sustain their observed star formati@s rat
sity H1 disks (Sect. 1), we have no evidence in ourddta that (see also Hopkins et al., 2008) while in early-type galaiks
this is actually the case for NGC 1167. Neither do the deep d§GC 1167, the creation of instabilities in the halo is preween
tical images show any indication of a major merger. Such a dfglue to the absence of galactic fountains). Hence, no new col
matic event would certainly need to be older than a few Gygas complexes can reach the disk of NGC 1167.

given that the H disk shows regular rotation far < 65 kpc.
After a major merger, it takes at least a few revolutionsr@or
sponding to a few Gyr at = 65 kpc) before the gas settles in
a regular disk structure. A stellar population analysis wfdats
(2006) also suggests that the last interaction (that caadenst Streaming motions in disks are a well known phenomenon and
of star formation ) occured at least one to several Gyr agb, lbserved in many galaxies (see e.g. Knapen,|1997; Pisahp et a
this starburst may be the result of a smaller accretion emedit 11998; [ Fathi et al., 2006). However, it is remarkable that the
is no evidence for a major merger. streaming motions in NGC 1167 are (to first order) symmet-

6.3. Streaming motions, rotation curve and H1 density
distribution
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ric. The amplitude is relatively largex( 50 km s?, depro-
jected), at the high end of what is detected in a humber
other early-type galaxies (Noordermeer, 2006). Intemghti

11

the NASAIPAC Extragalactic Database. The Digitized Sky Survey was p
@difced at the Space Telescope Science Institute under Ughgoeet grant NAG
W-2166.

most of these galaxies, like NGC 1167, also show clear signs

of interaction angbr tidal distortions with some of them hav-
ing bumps and wiggles in the rotation curve as well (see also

Noordermeer et al., 2007).
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Appendix A: Channel maps Table B.1: Rotation curve.
Radius[] Radius [kpc] velocity [km s1]
20 6.7 334
30 10.0 335
40 13.3 335
50 16.7 337
60 20.0 340
70 23.3 340
80 26.7 348
90 30.0 361
100 33.3 373
110 36.7 377
120 40.0 354
130 43.3 342
140 46.7 333
150 50.0 325
160 53.3 320
170 56.7 322
180 60.0 316
190 63.3 318
200 66.7 315

Appendix B: Table: Rotation curve
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