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ABSTRACT

Using photometry of NGC 1097 from theerschel PACS (Photodetector Array Camera and Spectrometer) mstnty we study the resolved
properties of thermal dust continuum emission from a cincuctear starburst ring with a radius 900 pc. These observations are the first to
resolve the structure of a circumnuclear ring at wavelengtht probe the peak (i.8.~ 100 um) of the dust spectral energy distribution. The
ring dominates the far-infrared (far-IR) emission from gaaxy—the high angular resolution of PACS allows us toasthe ring’s contribution
and we find it is responsible for 75, 60 and 55% of the total flilNGC 1097 at 70, 100 and 16@m, respectively. We compare the far-IR
structure of the ring to what is seen at other wavelengthsigentify a sequence of far-IR bright knots that correspamthbse seen in radio
and mid-IR images. The mid- and far-IR band ratios in the viagy by less thar:20% azimuthally, indicating modest variation in the raidiat
field heating the dust or 600 pc scales. We explore various explanations for the ahmhuniformity in the far-IR colors of the ring including
a lack of well-defined age gradients in the young stellartelugopulation, a dominant contribution to the far-IR entesrom dust heated by
older (> 10 Myr) stars angbr a quick smoothing of local enhancements in dust temperaue to the short orbital period of the ring. Finally, we
improve previous limits on the far-IR flux from the inner600 pc of NGC 1097 by an order of magnitude, providing a betséimate of the total
bolometric emission arising from the active galactic nusland its associated central starburst.

1. Introduction (i.e. locations where the dust lanes intersect the ring)thed
. . .. forms stars a short distance downstream (e.g., Boker20@8).
The central regions of galaxies host some of the most intergg, “pearls on a string” model predicts a gradient in the ages
star-formation that we can observe in the local Universerin c ¢ young stellar clusters as one moves away from the con-
cumnuclear starburst rings. Starburst rings are believeé the points. This has been observed in a number of starburst
consequence of the pile-up of inflowing gas and dust, driyen hngs (e.g.] Mazzuca etlal. 2008; Boker ef al. 2008). Ccselgr
anon-axisymmetric potential from a stellar bar, on orltsted many well-studied rings show no evidence for an age gradient
near the Inner Lindblad Resonance of the bar (Combes & Geffja07 et all 2001). Itis not obvious, however, that a singtelen
1985;| Athanassoula 1992). The high surface densities that gf star-formation must occur in all r}ngs or even at all tintes
ist in the ring lead to high star-formation rates. Indeeo‘-stagiVen ring [van de Ven & Chafig 2009).
burst rings are one of few regions in non-interacting gasxi ) , - .
where the formation of “super star clusters” commonly oscuy . KINGFISH (Key Insights into Nearby Galaxies: A Far-
(Maoz etal[[1996). The stars formed in the ring can be n)’j[_lfrared Survey withHerschel, PI R. Kennicutt) is an Open-
merous enough to drive the structural evolution of the galaXIMe Key Program to study the interstellar medium (ISM)
(Norman et all. 1996; Kormendy & Kennidlitt 2004) and can g nearby galaxies with far-IRub-mm photometry and spec-
the dominant power source for the galaxy’s infrared (IR)mitr0SCoPy. Among the unique aspects of the KINGFISH science
sion. program is the ab_lllty to ob_serve thermal dust emission at un
Star-formation in circumnuclear rings occurs under Con(ﬁ_recedented spatlal resolution §.6, 6.8 and 113t 70, 100
tions not normally found in the disks of galaxies: in additio@"d 180xm) using PACS (Photodetector Array Camera and
to their high gas surface densities, these regions havenuyn pe(;trometer) imaging. H!gh ;patlal resolution IS cru[napb-
serving processes occurring in the central regions of gegax

ical timescales that are comparable to the lifetimes of imass_l_h ; b X dv mild
stars. Understanding star formation in circumnucleargihgs | €€ r€glons represent our best opportunity to study aldet
been a long-standing problem _(Comhes 1996). There are lwg interplay betwee_n dynamics, star-.fqrmatlo_n and feeiba
main models: the “popcorn” model (Elmegreen 1994), whe Bat regulate thg fueling of nuclear activity, be it a stasbuor
star-formation is driven by stochastic gravitational frenta- an active galactic nucleus (AGN).

tion along the ring, and the “pearls on a string” model, where Below we present PACS imaging of the galaxy NGC 1097,

gas flowing into the ring is compressed near the contact poifne of the first KINGFISH targets observed during theschel
Science Demonstration Program (SDP) (for PACS spectrgscop

* Herschel is an ESA space observatory with science instrtspeo-  Of NGC 1097 see Beirao et al. 2010 and 8 RE observations
vided by European-led Principal Investigator consortigaith impor-  see Engelbracht et al. 2010). The source NGC 1097 is a barred
tant participation from NASA. spiral galaxy located at a distance of 19.1 Mpc (Willick et al
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1997, '~ 92 pc). In its central kpc it hosts an intensely staffhe PACS angular resolution allows us to clearly separae th
forming (~ 5 M yr~%; [Hummel et all 1987) ring with a radius contribution of the ring and nucleus from the galaxy’s efoiss
of ~ 900 pc. The ring’s rotation speed-of300 km s* (corrected for the first time at wavelengths that probe the peak of the dus
for inclination, Storchi-Bergmann etlal. 1996), corresg®to a SED. Summing the emission within a radius of’20.8 kpc) of
rotation period of~ 18 Myr. The galaxy’s nucleus is classifiedthe center and comparing it with the total flux from the galaxy
as a LINER from optical emission line diagnostics (Phillgsl. we find that the ring and nucleus emit 75, 60 and 55% of the to-
1984), but is shown to be a Seyfert 1 by its double-peaked Hal flux of NGC 1097 at 70, 100 and 16@n, respectively (there
profile (Storchi-Bergmann et al. 1993). UV spectroscopyrkas is some galactic emission within 1.8 kpc that is not assediat
vealed a few Myr old burst of star-formation in the centrat®p  with the ring or nucleus, but this component is negligibléjese
the galaxy|(Storchi-Bergmann etlal. 2005). With the hightispa measurements imply that the SED of the more extended galacti
resolution ofHerschel PACS, we can resolve the starburst ringmission peaks at longer wavelengths than the SED of the ring
and inner 600 pc of NGC 1097 for the first time at wavelengthisdeed, by fitting a modified blackbody to the MIPS &8RIRE
near the peak of the dust spectral energy distribution (SED) photometry of the galaxy, Engelbracht et al. (2010) find that
central region of NGC 1097 is 22% warmer than the disk.
2 Observations and data reduction The mid- and_far-_IR images of th_e ring in FF]]; 2 show similar
structures. The ring is continuous (i.e. no obvious gap#) wi
The galaxy NGC 1097 was observed with the PACS instrgeries of bright knots. The same knots are visible in eachSPAC
ment (Poglitsch et al. 2010) on tierschel Space Observatory image, although at 16@m they are not well-resolved. At 70 and
(Pilbratt et al. 2010) on 2009 December 20 during the SDP. @0 um, the surface brightness of the ring varies by less than
obtained 15long scan-maps in two orthogonal directions at the15% about the mean on 600 pc scales. The variations @24
medium scan speed (2§'!). The scan position angles (4£l- on the same spatial scales a25%. The similarities from mid-
ative to the scan direction) provide homogeneous coveragle oto far-IR suggest that dust temperatures are not varyingtanb
the mapped region. The total on-source times per pixel were aially in the ring, which we quantify below.
proximately 150, 150, and 300 seconds for 70, 100 anduh60 It is interesting to note that the same pattern of bright &not
respectively. is not observed in carbon monoxide (CO) (shown in panel h
The raw data were reduced with HIPE (Ott 2010), versiasf Fig [2) or other dense gas tracers at comparable resolution
3.0, build 455. Besides the standard steps leading to [eval- (Kohno et all 2003; Hsieh et'al. 2008). Instead the CO intgnsi
ibrated data, second-level deglitching and correctioroftsets peaks near the contact points and is much fainter over the res
in the detector sub-matrices were performed. The data \Wwere tof the ring. The dferences between the far-IR and CO emis-
highpass-filtered using a median window 6t&remove the ef- sion may be due to fierent CO excitation mechanisms in the
fects of bolometer sensitivity drifts angfInoise. We masked shocked gas near the contact points or by the consumptigarand
out emission structures (visible in a first iteration of thapn dissociation of molecular gas by star-formation eventstsho
making) with a 5-wide mask before computing this running medownstream from the contact points. Three of the bright &not
dian to prevent subtraction of source emission. Althougtfith  are also prominentin 3.5 cm radio continuum (as shown inlpane
tering may remove some extended flux from the galaxy, becayssf Fig [2).[Beck et al.[(2005) showed that the radio knots have
we are primarily interested in the very bright centrabINGC 3 flatter radio spectral index than the rest of the ring, nikelyl
1097 this dfect will be negligible. Finally, the data were pro-due to either a contribution from free-free emission fron ket
jected onto a coordinate grid with pixels. gions or synchrotron emission from young supernova rensnant
After pipeline processing we applied flux correction fastof(SNRs), which has an intrinsically flatter spectrum. Beeaus
from the PACS team to adjust the calibration. The current cgloung SNRs will heat only a small fraction of the dust, an en-
ibration has uncertainties of 10, 10, and 20% for the 70, hancement of thermal radio continuum and dust heating in and
100 and 160um bands, respectively (Poglitsch et al. 2010hround H Il regions may be the best explanation for the ongin
Because we aim to compare our PACS observations with aRe coincident bright radio and far-IR knots.
cillary data at other Wavelengt.hs, we adjusted the rellai'sfe In Fig[3 we show the mid- and far-IR band ratios as a func-
trometry of the PACS observations to match that of $#zer  tion of azimuthal angle. The surface brightness was medsare
24 um from SINGS (Spitzer Infrared Nearby Galaxies Survey azimuthal bins with inner and outer radii of 5 and’16 ad-
Kennicutt et al. 2003). This was done by measuring the positi equately sample the PSF out to 1@@. The largest variations
of background point-sources in the MIPS g2 (Multi-Band  are in the 2470 ratio, which peaks shortly downstream from the
Imaging Photometer) and PACS 10t images, adjusting the northernmost contact point, and varies $$5%. The 70100
PACS 100um astrometry, assuming the relative astrometry fQatio varies by less than5% around the ring. If there is a well-
the PACS bands is well-calibrated and transferring thetemu defined age gradient along the ring as predicted by the “pearl
to the other bands. Thdiset between the PACS and MIPS asgn a string” model, one might expect a gradient in dust tem-
trometry was~ 2”. The one-sigma surface brightness sensitivperatures moving away from the contact points. In the yosinge
ties per pixel of the final maps are 5.9, 6.2 and 3.3 MJy.8n  star-forming regions, the radiation field will be more irgerdue
Fig[l we show the three PACS images with a logarithmic stretgh the presence of the most massive and short-lived stars and
to highlight the spiral arms. Note that below we extract phdt the regions will be more compact. Both of theseets lead
etry from the images at their native resolution using apesu to hotter dust temperatures. For instarice, Groves et a8j20

larger than the beam size of the lowest resolution map. modeled the spectra of the H Il regions plus surroundingghot
dissociation region for star clusters with ages betweer 101
3. Herschel PACS observations of the Myr. They find that for a cluster mass ef10° M, and an ISM

pressure of K ~ 10° K cm~ (approximately what has been

deduced for the ISM in the circumnuclear ring by Hsieh ét al.
The most prominent far-IR structure in NGC 1097 is its cireun2008), the 2470 and 70100 band ratios decrease by 90 and 70%
nuclear starburst ring, shown in i 2 at a variety of wavgtes. (factors of~ 7 and 3, respectively) as the cluster ages from 1

circumnuclear ring in NGC 1097
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Fig. 1. PACS observations of NGC 1097 and an optical BVR image fraa8MNGS ancillary observations (Kennicutt et al. 2003)
for comparison. The 70, 100 and 166 bands are shown with a logarithmic stretch that highlighésspiral arms. The white
square in each panel shows the location of the region pedentig2.
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Fig. 2. Circumnuclear ring of NGC 1097 at a variety of wavelengthectEimage is shown at its native resolutien6, 7 and 12
for PACS 70, 100 and 166; 6” for MIPS 24;~ 4” for the 3.5 cm radio continuum (Beck etlal. 2005) and G{2J1) (Hsieh et al.
2008);~ 2” for IRAC 8.0um; and~ 1” for the optical B, V, and R imaging (Kennicutt et al. 2003)| ishages, except the three-
color BVR image, are normalized to the surface brightnessefing at the location{8”,—1"), i.e. the brightest knot in the PACS
70 image. The approximate locations of the dust lanes tledttfee circumnuclear ring are overlayed on the BVR threerdnlage
and the locations of the contact points are identified widtblasterisks and labeled with “N” and “S”. Material in thegirotates
clockwise as shown with the arrow in panel h. Note that atdtristch the central source is not visible aturf.

to 10 Myr. The Groves et al. (2008) models represent an upgegbution to the UV radiation field in the vicinity of the rin@.g.
bound to the band ratio variation we could expect if the rirgw|Bonatto et al. 1998). In this situation, the variation duaricage
comprised solely of a well-defined sequence of aging clssteradient would be diluted depending on the relative contrib
between £10 Myr old. tion of young clusters to the total dust heating. In additimme

That we do not see large mid- and far-IR band ratio gradierffgght expect that given the fast dynamical time in the ringf th
does not rule out the existence of “pearls on a string” in fafo 0cal enhancements of dust heating are quickly wiped oatsSt
“popcorn” in NGC 1097, however. It may be the case that du@pd interstellar matter in NGC 1097’s ring traverses theadise
in the ring is predominantly heated by the radiation fielchfro P€fween the two contact pointsn9 Myr. Even assuming that
older stars (e.g. B stars with lifetimes of 10-100 Myr), whare the cluster formation happens instantaneously after iegténe
uniformly distributed around the ring after a number of fevo N9, there will still be an abundance of massive stars byithe
tions. Stellar population studies of the central kpc of N@@2 the cluster crosses half the ring.
have shown that intermediate age stars make a considemable ¢
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Fig. 3. Azimuthal variations of the mid- and far-IR band ratio§ig.4. SED of the nuclear region from the compilation of
with azimuth in the ring. The x-axis shows the position arPrieto et al.|(2010) (P10) and the SED of the whole galaxy from
gle from North through East (increasing counter-clockvilieen [Dale et al.|(2007) (DO7). The black crosses show the DO7 SED
North on Fig2). Note that the first point is repeated at"38bie overlaid with their best-fit model to the MIPS observatichise
band ratios are normalized to their mean values: 0.48790.06lue squares show PACS aB8IRE fluxes for NGC 1097 from
and 0.776 for the 8/Q4, 2470 and 7@100 ratios, respectively. KINGFISH observations (see Engelbracht et al. 2010 fondisc
The contact points of the dust lanes and the direction ofioota sion of theSPIRE observations). The black asterisks show obser-
for the ring are labeled on the plot. vations at high spatial resolution (on the order ¢ft less). The

red points are lower resolution IR measurements of the aentr

region which are dominated by the flux from the starburst.ring

The green arrows show the new limits we can place on the nu-
4. Limits on the nuclear flux in the far-IR clear flux using our PACS observations.

High resolution imaging at mid- and near-IR wavelengthsef t
nucleus of NGC 1097 shows an unresolved central point source

(Prieto et al. 2005; Mason etlal. 2007) which contains a rawcleknots do not correspond to the same knots traced by CO. We
starburstl(Storchi-Bergmann et al. 2005) and the AGN. No ofind modest variation azimuthally in the mid- and far-IR band
servations can yet resolve the AGN or central starburstjtbutratios suggesting that either there is no azimuthal ageigmad

is still possible to distinguish the contributions of théfelient as would be predicted by the “pearls on a string” mode of
sources to some degree. Mason et al. (2007), for instanaeedfo star-formation, that dust heating is dominated by an oltidias
that the 12 and 18m emission arises primarily from dust heategopulation angbr that the dust heating variations get quickly
by the nuclear starburst rather than the AGN torus. InNG(710%®rased over the short ring orbital period (8 Myr). Finally,
previous far-IR flux limits for the nucleus were dominatediy we place an order-of-magnitude tighter constraint on tnéRa
starburst ring and provide limited information about thelear emission originating in the central600 pc of the galaxy.
starburst or the AGN. With ouferschel observations, we can

place limits on the flux arising in the centraB00 pc. We use the Acknowledgements. The authors thank R. Beck for the radio continuum data
PACS PSF observations of Vesta with 28 scan speed scaled@nd P.-Y. Hsieh for the CO data. K.S. would like to thank G. w#nVen
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measurements should only be considered upper limits. Hexev
they improve constraints on the nuclear flux by more than an or
der of magnitude as shown in Hi@ 4, which presents the SEDRéferences

the nucleus from a compilation by Prieto et al. (2010).
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