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VII. NGC 3109 a galaxy without a stellar halo
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Abstract. We present a CFH12K wide field survey of the carbon star population in and around NGC 3109. Carbon stars,
the brightest members of the intermediate-age population, were found nearly exclusively in and near the disk of NGC 3109,
ruling out the existence of an extensive intermediate-age halo like the one found in NGC 6822. Over 400 carbon stars identified
have(M,) = —4.71, confirming the nearly universality of mean magnitude of C star populations in Local Group galaxies. Star
counts over the field reveal that NGC 3109 is a truncated disk shaped galaxy without an extensive stellar halo. The minor axis
star counts reach the foreground density betweéend 3, a distance that can be explained by an inclined disk rather than a
spheroidal halo. We calculate a globaMratio of 175 + 0.20, a value expected for such a metal poor galaxy.
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1. Introduction stars at large radii in IC 1613. Do all Magellanic type galax-

. . ies have an intermediate-age population in their halo? Is there
Halos of galaxies may result from gravitational collapsgomething special about NGC 6822?

(Eggen et al. 1962), early in their life, or from the accretion i
of small fragments (Searle & Zinn 1978). The halo build- To try to answer these questions we follow two approaches:

ing by accretion should be a continuous process leading })We are investigating the kinematical properties of C stars in

halo populations of dierent ages and metallicities. RecentiyN©C 6822 from radial velocity follow-up observations already

dwarf galaxies have been found to have halos of old stat<duired; 2) We look at other dwarf galaxies similar or dis-
(Lee 1993: Minniti & Zijlstra 1997: Minniti et al. 1999): or similar to NGC 6822 to search for intermediate-age halos. In

stars older than 1.5 Gyr (Aparicio & Tikhonov 2000; Aparicidhis régard, the natural comparison to NGC 6822 is NGC 3109,

et al. 2000). In this regard, our recent CFH12K observatioﬂsg"’llaxy of the same morphological type. In both galaxies,
of NGC 6822 (Letarte et al. 2002) represent a major breaclié—e Blok & Walter (2000). and Barnes & de Blok (2001) have
through. We detected numerous carbon stars (C stars) in fR&ENtly mapped extensive HI envelopes.

halo of this Mage”anic-type ga|axy |mp|y|ng the presence of NGC 3109, a Magellanic dwarf on the outskirts of the Local
an intermediate-age population extending at least three tin§@®up, is a spectacular object seen through a large telescope.

the optical radius. Albert et al. (2000) have also identified @ith a diameter of nearly 30NGC 3109 is one of the largest
and brightest galaxy of the southern hemisphere. Well resolved

Send gfprint requests toS. Demers, into stars, it has been classified Sm IV by Sandage & Tammann
e-mail:demers@astro.umontreal .ca (1981). A prime focus CTIO 4 m photo of this galaxy can be

* The complete Table 2 is only available in electronic form at th®yund in Demers et al. (1985). This galaxy, first believed to be
CDS via anonymous ftp todsarc.u-strasbg. fr irregular because of the lack of an obvious nucleus, is actually a
(130.79.128.5) orvia disk galaxy and could possibly be a small spiral (Demers et al.

http://cdsweb.u-strasbg.fr/cgi-bin/qcat?]/A+A/410/795 985)
** Visiting observers, Canada-France-Hawaii Telescope, operatedlby " o o

the National Research Council of Canada, the Centre National de la Puring the last decade several photometric investigations of
Recherche Scientifique de France, and the University of Hawaii. Small areas in NGC 3109 have been published. We now have
*** Current address:Kapteyn Astronomical Institute, Posbus 8004 fairly good estimate of the distance of this galaxy: Musella
Groningen, 9700 AV, The Netherlands. et al. (1997) deriveri— M) = 25.67+ 0.16 from 24 Cepheids
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Table 1. Summary of the observations. L

Filter Exp times Average seeing) Mean airmass 1o

R  8x400s 079 1534 |
| 6x360s 069 1540 |
CN 7x1167s 070 1571

TIO 7x1167s 076 1629 18 7

while Minniti et al. (1999) obtainrhi— M)y = 25.62+ 0.1 from
the I magnitude of the tip of the red giant branch (TRGB)o
More recently, M‘ndez et al. (2002) re-determined distances| .
to out-lying members of the Local Group using the TRGB . -
method. For NGC 3109 they quote{ M)o = 25.52+0.06. We ‘
adopt, for our investigation, the weighted mean of these thrge-:
estimates i — M)y = 2556 + 0.05. The colour excess and
the amount of Galactic extinction toward NGC 3109 are small.
Schlegel et al. (1998) obtal®(B — V) = 0.04, from the COBE
and IRAS maps at 10@m. This corresponds &(R-1) =0.03 ,
andA, = 0.054 using the reddening ratios of Rieke & Lebofsky | | L
(1985). This low reddening is consistent with the colour of the 0 1 2 R-I

ridge of bright stars, seen in Fig. 1. . Fig. 1. Colour—magnitude diagram of the whole CFH12K field. Stars

The photometric study of a’9 9 region, centered on yjith colour errors<0.10 are plotted. We acquire the first 1.5 mag of
NGC 3109, by Minniti et al. (1999) revealed that this galaxye giant branch, sficient to identify the C star population.
possesses a Population Il halo extending-thS (1.8 kpc)

above and below the plane of the galaxy. These authors deter- - . . )
mined, from the position of the red giant branch on the cmpyvere done by fitting model p.omt—spread functions (PSFs) using
that the metallicity of that population is [Ad] = 1.8 + 0.2. DAOPHOT-IVALLSTAR series of programs (Stetson 1987,
They also noted the presence of red asymptotic giant braridp4)- Instrumental magnitudes are calibrated using equa-
stars (AGB), presumably C stars, in the main body of tHns provided by the. CFHT QSO team. The equationsRor
galaxy. This metallicity estimate roughly confirms the abuf@d! magnitudes are:

da}nce 0f1.6+0.2 determi_ned in the same way by Lee (1993k _ 26190+ m - 0.09(X; — 1)+ 0.0094R - 1),

Méndez et al. (2002) obtained [f4] = —1.69+0.06 also from

the colour of the red giant branch. We adopt, for our discussianz 26,185+ m — 0.04(X; — 1) - 0.0511R- 1),

the weighted mean value of [Ad] = -1.7.

whereX; andX; are the airmasses of tikeand| exposures. For
the instrumental magnitudesndi, obtained with DAOPHOT,
and for the given exposure timeg, andm correspond to:
The results presented here are based on observations obtained,
in Service Queue observing mode in March 2002, with tHg& = (" =
CFH12K camera installed at the prime focus of the 3.66 m .
Canada-France-Hawaii Telescope. The camera consists i & (i~ 250) + 2.5log(360)
12k x 8k pixel mosaic covering a field of 4x 28, each pixel g, g hiracting the abovl and | equations and using the
corresponding to 0.206 arcsec. Images were obtained thm'é%'ﬂropriate airmasses we obtain:
Mould I andRfilters and narrowband CN and TiO filters, cen-
tered at 808.6 nm and 768.9 nm, respectively. A summary @& — 1) = 0.099+ 1.064( — i),
the acquired data is presented in Table 1. The total exposure
time on NGC 3109 was 6 hours, under excellent seeing. | =i+ 7.5542- 0.0511R-I).
The data distributed by the CFHT have been detrended.
This means that the images have already been corrected v§it esults
the master darks, biases, and flats. Fringes have been remove
on| exposures under 60 s and large scale structures such agtiecolour—-magnitude diagram (CMD) of the whole CFH12K
“Skyring” effect have been removed when relevant. This prield is presented in Fig. 1. 38 600 stars, with ) colours
analysis produces 12 CCD images, of a given mosaic, with twéh photometric errors less than 0.1 mag. are plotted. Since
same zero point and magnitude scale. our observations were acquired to survey the C star population,
We carefully combine images taken with the same fithey reach only 1.5 mag below the tip of the red giant branch.
ter, making sure that the final FWHM was similar to the avFhis limit is quite sdficient to detect all the C stars that can be
erage FWHM given in Table 1. The photometric reductionesolved.

2. Observations

25.0) + 2.5 log(400)
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Table 2.C stars in NGC 3109

id RA Dec [ o R-1 or, CN-TIO oentio
1 10:01:3250 -26:15:1050 20887 Q032 1005 Q053 0354 Q076
2 10:01:3432 -26:19:5140 21189 Q060 1829 Q083 0669 Q093
3 10:01:3611 —26:21:0220 20606 Q025 1420 Q037 Q402 Q055
4 10:01:4501 -26:19:3810 21206 Q050 1101 Q072 Q317 Q087
5 10:01:4906 —26:22:5460 20926 Q025 1383 Q057 Q464 Q096
6 10:01:5262 —26:22:3360 22559 Q049 1022 Q073 Q322 Q099
7 10:01:5671 —26:03:0770 21427 Q060 1012 Q081 Q302 Q076
8 10:01:5768 —26:14:0360 19564 Q080 1392 Q086 Q417 Q076
9 10:01:58B2 -26:03:5230 20438 Q031 1055 Q039 Q475 Q033

10 10:02:0777 —26:13:2350 19947 Q039 1311 Q047 Q639 Q075
11 10:02:1063 -26:07:1760 20690 Q009 1161 Q013 Q397 Q019
12 10:02:1144 -26:08:5620 20922 Q011 1501 Q019 Q375 0024

a8 Complete Table 2 is available in electronic form at the CDS. A portion is shown here for guidance regarding its form and content. Units of
right ascensions are hours, minutes and seconds, and units of declination are degrees, arcminutes and arcseconds.

The C stars are selected from the colour—colour diagram | o
where we plot their (CN-TiO) index versus theR € 1) color.  en-ro) | , S T T costars
Throughout this series of papers we have selected as an adop- | ' BREETRE
tion criterion, stars withc < 0.125, whereoc = (€, + _ L
€2\ _Tio) /% In general this is not a magnitude cfitoriterion, os b
but depends on the quality of the (CN-TiO) index whose errors
are always the largest. Experience has shown that these narrow |
filters require exposures three to four times longer thaxpo-
sures. As shown in Table 1 the CN and TiO exposures are 3.78
times longer tharl. Some 24000 stars satisfy this criterion. 0
They are plotted on the colour—colour diagram presented in i
Fig. 2. The zero point of the (CN-TiO) index is set accord-
ing to the procedure outlined by Brewer et al. (1995). We set
the mean of (CN-TiO* 0.0 for all blue stars since hot stars
are expected to have a featureless spectra in the CN and Ti® |
regions. We thus define a blue star, as in Letarte et al. (2002), |
i.e. as a star in the colour rang®08: (R- 1) < 0.45. This of
course requires an estimate of the local colour excess which | I _ S L]
is adopted in the Introduction. We define C and M stars as | ' 1 L
stars with R— 1) > 0.90: C stars have (CN-Ti®)0.3, while 0 1 2 (R-1)
(CN-Ti0)< 0.0 for M stars. The C star branch obviously €XEig. 2. Colour—colour diagram  showing
tends to bluer colours. These C stars have fainter magnitudgg m stars.

(Demers & Battinelli 2002) than those inside the box. The limit
(R-1)o = 0.90 corresponds to spectral type MO. From this di-
agram we count, in the box, 446 C stars. scatter that the CN and TiO exposures should have been some-

Contrary to similar diagrams of other Local Group galax¥hat longer.
ies, already published by us, the NGC 3109 colour—colour di- We list, in Table 2, the J2000.0 coordinates of the C
agram shows substantially more scatter. We see many postite's identified along with their magnitude and colours. The
where one does not expect to see any, for example, below 446 C stars are identified, by large dots, in the mosaic of the
central concentration on the blue side of the M box. This aspéietd in Fig. 3. From this figure, it is obvious that NGC 3109
of the diagram is explained by the poor quality of the photomdees not possess an extended intermediate-age halo, like the
try of the (CN-TiO) index. Indeed, 57% of the stars lying in thene seen around NGC 6822 by Letarte et al. (2002). Thirty of
“forbidden” regions of the colour—colour diagram have (CNthe 446 C star candidates (7%) have photometric errors, for
TiO) photometric errors larger than 0.075 while such fractiagheir (CN—TiO) index larger than 0.075. They are represented,
is only 7% among the identified C stars. We conclude from this Fig. 3, by the open squares. We believe that these stars are

the boxes of C stars
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Fig. 3. The CFH12K field of NGC 3109. C stars identified in this study are represented by filled squares. The open squares are C stars
photometric errors on their (CN-TiO) index0.075. North is on top, East is on the left. The average gap, between the CCDsXiditkeetion
is 7.8" while it is 6.8 in theY direction.

any magnitudes. Over a third of the stars in this subset have
(CN-TiO)~ 0.3, very near the border of the C star box.

The meanl magnitude for the 446 stars {§) = 20.93,
while for the 416 C stars of better photometric quality =
20.91, corresponding to a mean absolute magnitud®/p§ =
—-4.71 a value, within the uncertainty of the distances, identical
to the mean found for C stars in NGC 6822 (Letarte et al. 2002)
- and IC 1613 (Albert et al. 2000). Their mean colouk(R -

i 1)oy = 1.17.

Figure 5 presents a comparison of i) of C star pop-
ulation of various galaxies. The majority of the data points
are taken from our own investigations, with the exception of
R E A ‘ the two Magellanic Clouds where we use the DENIS data, for

19 \ the SMC and data from Costa & Frogel (1996) for the LMC. In
both cases we select only stars in our predefined colour range.
0f the DENIS data we adopt the near infrared colour limits

814 < J— K < 2.0 which is equivalent to ouR — | lim-
its (Demers et al. 2002). The error bars reflect the uncertain-
ties in distance determinations. For Local Group galaxies this
_ . is usually~0.1 mag. Since the publication of our results for
probably not genuine C stars. They could be eliminated frogy,pG “(Demers & Battinelli 2002), a new distance estimate
our list by tightening up our error criterion but we prefer tQ Momany et al. (2002) brings the galaxy 0.1 mag closer. This
keep the selectio_n criterion at 0.125 to be coherent with oti? N galaxy, with 16 C stars, that deviates most from the mean.
papers of the series. Galaxies with few £40) C stars are identified by open circles.
The larger galaxies with hundreds of C stars are represented
, , by solid squares. Galaxies with numerous C stars show very
4. Discussion little dispersion in the(M,). This suggests that C stars could
eventually be found to be useful standard candles. If indeed
the(M,) of C stars is observationally found to be independent
The | magnitude distribution of the C stars is displayed iof the metallicity of the parent galaxy, this approach would be
Fig. 4. The shaded areas corresponds to the 30 stars withragre interesting than the TRGB technique which requires an
treme (CN-TIiO) errors. The three faintest stars of our samstimate of the metallicity. Furthermore, contrary to Cepheids,
ple are among this subset but the other ones are foundCastars require observations at just one epoch. Our ongoing

40

20 -

Fig. 4.1 magnitude distribution of the NGC 3109 C stars. The shad
histogram corresponds to stars represented by open squares in Fi
A Gaussian withr = 0.28 fits the central part of the distribution.

4.1. The photometric properties of C stars
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oy ey

-10 -15 -20
absolute visual magnitude of the galaxy

Fig. 5. Comparison of the mean absolute magnitude of C stars in various galaxies of the Local Group. Galaxies with few C stars are represented
by open circles while galaxies with more than one hundred C stars are assigned solid dots. Tt mhémarbright galaxies is —4.59.

investigation should establish the range of galactic properties
where C stars could be used as distance indicators. Of partic-
ular interest in this respect is the dichotomy between dwarf
elliptical galaxies with no recent star formation and dwarf ir-
regulars with recent star formation. Extreme cases could then
be IC 10, as an example of a starburst galaxy, and NGC 147
with NGC 185 as dwarf ellipticals big enough to contain sev-
eral hundred C stars. The twin satellites of M 31 have recently
been surveyed by Nowotny et al. (2003) who found ¢h&)

of the C star population to be substantially fainter than Fig. 5
would suggest. Our recent investigation of NGC 147 (Battinelli
& Demers 2003) does not support their findings.

In(p)

4.2. The structure of NGC 3109 I }
Our wide field mosaic of NGC 3109, reachiky = -2, can be | w

used to determine the scale length of the major or minor axis ~ , . . .
and to study the distribution of the intermediate-age population. major axis distance in aremin

From the surface photometry of NGC 3109, Jobin & Carignatg. 6. Density profile along the major axis of NGC 3109. We average
(1990) established several of its properties: the inclination v eastern and western sides.

the disk froml photometry is taken to be = 75+ 2° and

the position angle of the disk to lsg = 93 + 2°. To facilitate

our analysis, we assume that the position angle of the disksafaight line corresponds to a linear regression froro4.4.
NGC 3109 is exactly 90 degrees thus is aligned East-West.The slope of the line yields an exponential scale length of
2,96+ 0.14, corresponding to 1.1 kpc, in excellent agreement
with 3.1, determined by Jobin & Carignan (1990).

The discontinuity observed at 1#ust correspond to the
We determine the scale length of the disk by counting ste#8d of the disk and not be the result of an wrong estimation
along the major axis, using bins of 1501600 pixels, each of the foreground density. That limit corresponds to 4.7 times
having 2.719 arcm# The width in the north-south directionthe disk scale length. Kregel et al. (2002) determined, for small
corresponds approximately to the FWHM of the minor axicale length spirals, that the average ratio of disk truncation
profile, described in the next section. A robust foreground suigdius and scale length is four. Thus, NGC 3109 is quite normal
face density is evaluated by counting stars in two 1000 pixelthis respect.
wide strips, located 500 pixels from the southern and northern
borders of the field. A total of 3860 stars, in these strips, yielﬂs2 2. The minor axis profile
a foreground density of 185+ 0.22 stars per arcmfn B

The major axis profile is displayed in Fig. 6. Counts o order to better define the minor axis profile and its limit,
the eastern and western sides are averaged and the foregratedount only AGB and old red giants stars. To do so, we ex-
density is removed from those counts. We presume that in tede, from the counts, stars witR( 1) < 0.2 and obvious
central area the incompleteness is severe due to crowding. Tdreground stars with < 19 mag. Stars are counted in a 2000

4.2.1. The major axis profile
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Fig. 8. Density profiles across the minor axis. Solid dots represent the
AGB and red giant stars while the open symbols are the C stars, their
number multiplied by 20 to facilitate the comparison.

Fig. 7. Surface density of red stars, star archiiacross the minor axis.
The foreground density is reached betweeant 3.

4.3. The C/M ratio

pixel N-S strip centered on the galaxy. A foreground densi%e M ratio of a stellar population is known to be function
of 11.88 + 0.21 stars per arcmfnis determined by counting N pop

of the metallicity of that population (Groenewegen 1999). The

stars in the two strips described in the previous section. Tlﬁiamber of C stars is relatively easy to obtain in a galaxy. On
foreground density diiers from the one determined previousI)(he other hand. the number of M stars is much moféadilt

because here we _conS|der asubset of the s_tars, as d_efme aY9¥%ssess because one has to know the contribution of the fore-
The surface density of C stars along the minor axis is also ound M stars to the total count. The wide field of view of

termined in the same fashion. the CFH12K camera allows to obtain a robust estimation of the
Figure 7 presents the surface density (ggaoirf) along  foreground counts for galaxies of the size of NGC 3109.
the minor axis, uncorrected for the foreground, at distances Tq pe consistent with our other publications of this series
larger than 2from the center of NGC 3109. This figure revealgnd to follow Brewer et al. (1995), we select a subset of the
that the counts reach the foreground density at a distance pestars (those in the M box of the colour—colour diagram)
tween 4-5’ from the major axis. The dotted line correspond{§y applying a lower and upper cufs. Mags must have their
to the foreground estimate, made independently of the plotigd | < _35 and theid > 19.0. The determination of the bolo-
data points. If one assumes that NGC 3109 is shaped like a thigtric magnitude follows the procedure detailed by Battinelli
disk with a 78 inclination, a 14 semi-major axis will corre- gt g]. (2003).
spond to a 3.75semi-minor axis, close to where we observe \we define the “galaxy” by a rectangular area centered on
the minor axis cutfi. The disk of the galaxy is however not inpe major axis and with a width of @nd a length of 28In this
finitely thin thus the minor axis cutbis expected to be some-5rea we count 413 C stars and 134%g stars. The foreground
what larger than 3.75This result shows that NGC 3109 doegontribution is determined by countitagg stars in two strips
not have a halo made of red giants of all ages, Wkh<—2.  near the southern and northern borders of the field. The fore-
Two minor axis profiles are displayed in Fig. 8: the redround contribution to théViags counts of the rectangle was
stars whose profile is plotted in Fig. 7 and C stars represenfednd to be 1083 37 stars. Therefore, 23651 Magg Stars
by open dots. The C star counts are multiplied by 20 to faelong to NGC 3109, yielding a/® ratio of 1.75+ 0.20. The
cilitate the comparison. A scale length ab@6 + 0.020 fits M star sample includes stars of spectral type M 0 and later.
both the red star and C star densities. There is a hint of a short
plateau or discontinuity observed in the profile of the red staés
in the last few bins. Counts at distances larger thaard very
nearly equal to the foreground estimate. We interpret this b@ur wide field survey of NGC 3109 has revealed markéiddi
havior as an indication of a real ciifof the stellar population ences with NGC 6822, an other dwarf galaxy of similar mor-
of NGC 3109. The density of C stars is dfected by the fore- phological type. In term of the C star population, NGC 6822
ground correction since it is zero for these stars but, unfortwith nearly 900 C stars has more intermediate-age stars for its
nately, their numbers are just too small to allow us to folloluminosity than any other dwarf surveyed. NGC 3109, on the
them beyond-2.5'. We have excluded, from this analysis, thether hand, fits into the general trendd versus galactidd,
30 C stars represented by open squares in Fig. 3. defined by NGC 205, NGC 147 or IC 1613, galaxies of similar

Conclusion
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magnitude. Both NGC 3109 and NGC 6822 are surrounded bymers, S., Dallaire, M., & Battinelli, P. 2002, AJ, 123, 3428

an extended hydrogen cloud. This is essentially their only cofemers, S., Kunkel, W. E., & Irwin, M. J. 1985, AJ, 90, 1967

mon structural feature. C star survey of NGC 6822 has reveaf@pen, O. J., Lynden-Bell, D., & Sandage, A. R. 1962, ApJ, 136, 748
the presence of an extended intermediate-age halo as well aS®&§newegen, M. A. T. 1999, in Asymptotic Giant Branch Stars, ed.
old halo around that galaxy (Letarte et al. 2002). NGC 3109, |- LeBertre, A. Lebre, & C. Waelkens, IAU Symp., 191, 535
contrasts with the latter having no halo of intermediate-age apit?'™ M-» & Carignan, €. 1990, AJ, 100, 648

no stellar halo outside of the (thick) disk. This properties makeéegel’ M., van der Kruit, P. C., & de Grijs, R. 2002, MNRAS, 334,
NGC 3109 unique among dwarf galaxies and justifies the tiiil_ge, M. G. 1993, ApJ, 408, 409

of Jobin & Carignan (1990) paper: The dark side of NGC 310Petarte, B., Demers, S., Battinelli, P., & Kunkel, W. E. 2002, AJ, 123,
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