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ABSTRACT

We presenKMM-NewtonChandraand VLA observations of the USGC S152 group and its centligtiekl
NGC 3411. Imaging of the group X-ray halo suggests it is rethwith little apparent structure. We investigate
the temperature and metal abundance structure of the gadapdnd find that while the abundance distribution
is fairly typical, the temperature profile is highly unusistiowing a hot inner core surrounded by a cool shell of
gas with a radius 0f20-40 kpc, at the center of the larger group halo. Spectralgimg confirms an irregular
ring of gas~0.15 keV cooler than its surroundings. We estimate the to@s, entropy and cooling time
profiles within~200 kpc, and find that the cool shell contain®x10°M,of gas. VLA observations at 1.4,

5 and 8 GHz reveal a relatively weak nuclear radio sourcey itore radio luminosity k=2.7x10%® erg s?,

and a diffuse component extended on scales of a few arcse€onchore). A lack of evidence for activity at
optical or X-ray wavelengths supports the conclusion thatentral black hole is currently in a quiescent state.
We discuss possible mechanisms for the formation of tenyperdeatures observed in the halo, including a
previous period of AGN activity, and settling of materiatigbed from the halo of one of the other group
member galaxies.

Subject headinggalaxies: clusters: individual (USGC S152) — X-rays: géaxclusters —
galaxies: individual (NGC 3411) — radio continuum: galaxie

1. INTRODUCTION

The study of structure in the gaseous halos of galaxies
groups and clusters has been greatly facilitated by theelarg
collecting areas and high spatial resolution of tKBIM-
NewtonandChandraX-ray observatories. Some useful com-
parisons of radio, optical and X-ray structure were perfedm
with earlier satellites (e.g., Sarazin et al. 1995; McNaanar
et al. 1996), but the relatively low efficiency and/or broad
point spread functions (PSFs) of the instrumentfRSAT
ASCAandEinsteinrestricted this type of examination to the
brightest sourcesXMM and particularlyChandrahave al-

clusters, AWM 4 and MKW 4. Both were selected to be re-
laxed systems without significant structure, to allow stofly
'their radial mass and metal abundance profiles. Xkev
exposures revealed that while the two systems have regular
surface brightness distributions and similar total masbey
have distinctly different temperature profiles. While MKW 4
shows a central temperature decline {d.5 keV) similar

to that seen in many groups and clusters, AWM 4 is ap-
proximately isothermal despite a central cooling time dfyon
5x 108 yr. This divergence appears to be related to the active
galactic nucleus (AGN) of NGC 6051, the dominant galaxy

lowed a huge expansion in the field, showing the range an
variety of disturbed structures, and demonstrating thay th

are relatively common. Perhaps most notable are the detaile

interactions between the radio jets of active galaxies & th
cores of groups and clusters and the surrounding interetiala
medium (IGM). LongChandraobservations of M87 in the

Virgo cluster (Forman et al. 2005; Churazov et al. 2001) and
NGC 1275 in Perseus (Fabian et al. 2006; Sanders et al. 20043

Fabian et al. 2003) have revealed complex features indéecati

of shocks, bubbles of radio plasma, filaments of cooling gas
and sound wave propagation. Mergers and interactions be
tween galaxies and their environment also often produce vis

ible structures in the IGM (e.g., Kraft et al. 2006; Mahdavi
et al. 2005; Machacek et al. 2005b)

In two prior papers (O’'Sullivan et al. 2005, 2003) we ex-
amined XMM-Newtonobservations of two poor-2.5 keV
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dof AWM 4. Spectral mapping shows regions of hot and high
abundance gas in the inner cluster halo, correlating wih th
AGN radio jets, suggesting that the halo is being heated by
the AGN activity. The differences between the two clusters
can therefore be attributed to their differing phase in e

of cooling and AGN activity; If cooling is allowed to contieu

in MKW 4 it is likely to fuel an AGN outburst in the central
alaxy, while the current activity in AWM 4 is likely to hafhi

the near future, as heating prevents further gas cooling Th
two clusters embody the extremes of the cycle, undisturbed
cooling and ongoing outburst. An interesting possibilitisa

ing from this model is the observation of a system in the pro-
cess of changing state from cooling to heating.

NGC 3411 is the dominant, central elliptical of a galaxy
group first identified from the COSMOS catalogue of south-
ern sky galaxies (Yentis et al. 1992). Later surveys have
confirmed the existence of the group, sometime referred to
as SS2b 153 or USGC S152, identifying three to five bright
galaxies as members (Ramella et al. 2002; Mahdavi et al.
2000; Giuricin et al. 2000). The velocity dispersion of the
group is estimated to be 211 kmtsand the total mass of
the system~2.7x10" M. NGC 3411 is the only ellipti-
cal in the group, and the other confirmed membersate
mag fainter in the B band. A shoROSATAII-Sky Survey
(RASS) observation showed the galaxy to be at the center
of an extended, regular X-ray halo (Pierre et al. 1994) with



TABLE 1
LOCATION AND SCALE OF
NGC 3411.
R.A. (J2000) 1050M26.1
Dec. (J2000) -1950M42.F
Redshift 0.01527
Distance Hp=70) 65.4
1 arcmin = 19 kpc
D5 radius = 19.4 kpc
logLg (Lee) 10.66
log Lk (Lko) 11.41
log Lx (erg st) 4251293

NOTE. — Lx is the unabsorbed
0.4-7.0 keV X-ray luminosity within
662.8’ (210 kpc), taken from our own
spectral fits

a luminosity of~ 6.5 x 10" erg s (Mahdavi et al. 2000).
The galaxy was identified in the RASS Bright Source Cata-
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filter. A detailed summary of th&¥*MM-Newtonmission and
instrumentation can be found in Jansen et al. (2001, and ref-
erences therein). Reduction and analysis were performed us
ing techniques similar to those described in O’Sullivanlet a
(2005). The raw data from the EPIC instruments were pro-
cessed with the most recent version of ®idM-NewtonSci-
ence Analysis SystensAs v.6.5.0), using thePcHAIN and
EMCHAIN tasks. Bad pixels and columns were identified and
removed, and the events lists filtered to include only those
events with FLAG = 0 and patterns 0-12 (for the MOS cam-
eras) or 0-4 (for the PN). The total count rate for the field
revealed a short background flare in the second half of the ob-
servation. Times when the total count rate deviated from the
mean by more than®Bwere therefore excluded. The effective
exposure times for the MOS and PN cameras were 22.2 and
19.2 ksec respectively.

Images and spectra were extracted from the cleaned events
lists with thesAs taskEVSELECT. Response files were gen-
erated using thsAs tasksSRMFGEN and ARFGEN. Because
the group is relatively X-ray bright, and the PN detector mod

logue (Voges et al. 1999), and comparison with the NRAO uses a short frame integration time (73 ms), there are a sig-
VLA Sky Survey (NVSS, Condon et al. 1998) showed that nificant number of out-of-time (OOT) events, visible in the
NGC 3411 also hosts a slightly extended radio source with aPN data as a trail extending from the center of the source
flux of 33 mJy at 1.4 GHz (Bauer et al. 2000). The galaxy toward the CCD readout. An OOT events list was created
has been observed as part of the 6dF Galaxy Redshift SurveyisingepcHAIN, and scaled by 0.063 to allow statistical sub-
(Jones et al. 2004), and has an absorption dominated opticalraction of the OOT events from spectra and images. Point

spectrum, with no obvious signs of AGN activity.
More recently, NGC 3411 has been observed by itan-
dra and XMM-Newton Vikhlinin et al. (2005) analysed the

sources were identified using a sliding cell algorithm, alhd a
data within 17 of point sources were removed.
Creation of background images and spectra for the system

Chandradata as part of a sample of 13 nearby relaxed clus-was hampered by the fact that the group X-ray halo extends
ters, and briefly noted that it did not have a strong central peyond the field of view. Use of the “double-subtraction”
temperature decrement, perhaps indicating a recent AGN out technique (Arnaud et al. 2002; Pratt et al. 2001) involves co
burst or stellar winds from the central elliptical. Mahdavi recting blank-sky exposures to match a source-free ardeeof t
et al. (2005) included thEMM dataset as part of their study observation; for NGC 3411 this is not feasible. We therefore
of eight RASSCALS groups and found the group halo to be decided to consider the background as two separate compo-
remarkably circular. They also noted that the gas pressurenents. The background contribution from high-energy par-
within ~10 kpc was a factor of 2 higher than expected from ticles can be estimated based on events which are detected
self-similar scaling, possibly because of gas bound toéime ¢ outside the field of view. Particles-only datasets, made up
tral galaxy. of exposures taken with the telescope shutters closed yMart
In this paper, we us&XMM-Newton Chandraand Very et al. 2003), were scaled to match these events and used as
Large Array (VLA) observations to study the properties of basis of the background. The particle component dominates
the group and specifically to look for signs of interaction the continuum at high energies and produces a number of
between the central galaxy and the group X-ray halo. Sec-strong spectral lines, which vary across the field of viewe Th
tion 2 describes the observations and their reduction and se particles-only datasets contain these features, andesutioin
tion 3 our analysis of the data and our main results. Theseof the scaled data from regions matching those used in the
are discussed in section 4 and we summarise our conclusource data removes them satisfactorily.
sions in section 5. Throughout the paper we assti¥r0 The low energy background arises primarily from soft X-
km s Mpc?t and normalize optical and near infra-red lu- rays emitted by hot gas in the galaxy, and from coronal emis-
minosities to the absolute B and K band magnitudes of thesion associated with solar wind interactions. This compbne
sun, Mk»=3.37 and M =5.48 (equivalent thg.=5.2x 10 can be modelled as a cool plasma extending uniformly over
erg s1). Abundances are measured relative to the abundancehe field of view. Trial fitting of spectra extracted in the eut
ratios of Grevesse & Sauval (1998). Some details of the loca-part of the field of view, and of ROSATAII-Sky Survey spec-
tion and scale of NGC 3411 are given in Table 1. trum extracted from an annulus at 1.5-2f6om the group
center showed that a 0.2 keV, solar abundance plasma model
provided an acceptable fit. The variation of the soft contrib
tion across the field of view can then be calculated based on
a soft energy exposure map, or via the spectral response ma-
The NGC 3411 group was observed wiMM-Newton  yjces \We add this plasma model as an additional component
during orbit 555 (2002 December 20-21) for just under 36,000 j, ¢ spectral fits, with all components frozen. For surface
seconds (ObsID 0146510301). The EPIC instruments werey jghiness fitting, an exposure map image scaled to match the
operated in full frame mode, with the thin optical blocking plasma model contribution is added to the particles-ontkba
ground image. We note that this may be a rather simple model
for the fairly complex soft background, and ignores issues o
small scale variation in the background. However, the group

2. OBSERVATIONS AND DATA ANALYSIS
2.1. XMM-Newtondata

4 The National Radio Astronomy Observatory is a facility of tdational
Science Foundation operated under cooperative agreenyeAssociated
Universities, Inc.
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halo is relatively bright and contributes the majority oftso
counts at all radii, so variations in the soft backgroundehav TABLE 2
relatively minimal impact. SUMMARY OF VLA OBSERVATIONS

2.2 Chandralata Freq. Date Array d&p r.m.s. Beam Size P.A. Program
NGC 3411 was observed with the ACIS instrument during il /S ©
ChandraCycle 3, on 2002 November 5-6 (Obs ID 3243). A 350 000rebss A 3mim 0016 06943 30 AG20D
summary of theChandramission and instrumentation can be  1.425 2006Feb15 A 2h24m 0.044 23.6 -2.4 A0202
found in Weisskopf et al. (2002). The S3 chip was placed at . .
the focus of the telescope in order to take advantage of the?f the low intensity of the sources, no self-cal was perfaime
enhanced sensitivity of the back illuminated CCDs at low en- @1d Nno_ polarization maps were made. The flux calibrator
ergies. The instrument operated in very faint mode, and ob-Was 3C286 (observed twice during each run) and the phase
served the target for just under 30 ksec. Reduction and analy Calibrator was J1039-156. The final maps were made with
sis was performed using methods similar to those describedi [MAGR. For the 1.4 GHz data, it was necessary to make a
O'Sullivan & Ponman (2004). The level 1 events file was re- {@Pered map of a large area to locate sources far from the field
processed usingiA0 v3.2 andcALDE v3.2.0. Bad pixels and center in qr_der to include them |n_the final cleaning process.
events withASCAgrades 1, 5 and 7 were removed. The data Flux densities were measured using IMEAN and IMFIT, the
were corrected to the appropriate gain map, the standaed tim att€r task also providing deconvolved source sizes fordiwo
dependent gain correction was made, and a background lighfénsional Gaussian fits. The results of our analysis of the
curve was produced. Background flaring occurred through VLA data are discussed in Section 3.5.
the first early part of the observation, and all periods where 3 RESULTS
the count rate deviated from the mean by more tham@re o o
excluded, so as to prevent contamination. The exposure time Figure 1 shows a Digitized Sky Survey (DSS) optical im-
of the observation after cleaning was 18.3 ksec. We choseage of NGC 3411 with smoothedMM-NewtonX-ray con-
to use only data from the S3 chip, as the decline in effective tours overlaid. The contours were taken from an adaptively
area and broadening Point spread Function (PSF) on the morémoothed mosaiced image combining data from all three
distant chips made data extracted from them less useful tharXMM EPIC cameras. Smoothing was performed withghe
those available fronXMM-Newton ASMOOTH task, with smoothing scales chosen to achieve a
Point sources were identified using thexo task WAVDE- signal-to-noise ratio of 10. The X-ray halo extends well be-
TECT, with a detection threshold of 18) chosen to ensure that  yond the field of this image, and appears to be roughly cir-
the task detects:1 false source in the field. Source ellipses cular at all radii. Examination of smoothed and unsmoothed
were generated with axes of length 4 times the standard deXMM andChandraimages suggests that in general the group
viation of each source distribution, and regions of twicis th halo relatively relaxed, with no major substructure. Wersee
size were removed from the data before further analysis. Aareas of enhanced or decreased surface brightness, or steep
source was detected coincident with the peak of the diffusesurface brightness gradients, such as those associated wit
X-ray emission; this was considered a potentially falsedet  shocks, cavities or cold fronts.
tion and ignored, though we did later test for the presence of . .
a central X-ray point source. Images and spectra were ex- 3.1. Surface brightness modeling
tracted from the resulting “clean” events list and apprafi We initially fitted 1-dimensional azimuthally averaged ra-
weighted spectral response matrices were generated Uring t dial surface brightness profiles. 0.3-3.0 keV images were ex
MKWARF andMKWRMF, tracted for the EPIC instruments and the ACIS-S3 chip, and
Background estimation for spectral fitting was performed appropriate exposure maps generated. Xk images ere
in an analogous manner to that described above foXMI- binned to the physical pixel scale of the PN camera’($}.4
Newtondata. The blank-sky datasets available as part of and theChandraimage to the pixel size of the ACIS CCDs
the ChandracALDB were used to subtract the high energy (0.492'). The PN image was corrected for OOT events. Ra-
background. Spectra extracted from the blank-sky evestis li  dial profiles were then extracted, using annuli of width 2-pix
scaled to match the numbers of counts in PHA channels 2500¢ls §.e., 8.8’) for XMM and 2-60 pixels{1-27"), increas-
3000 in the source data, were used as the basis of the backing with radius, forChandra The XMM profiles extend to
ground. Examination of spectra from various radii shows tha a radius of 11, the Chandraprofile to ~4.3. PSF images
the blank-sky data matches the high energy continuum andfor PN and MOS cameras were extracted from the calibra-
instrumental line features in the source data well. A 0.2 keV tion archive. Prior experience has shown that PSF convolu-
plasma model was included in the spectral fits to account fortion is necessary for accurate fittingXfMM-Newtordata, but
any galactic emission not found in the blank-sky data, Isitte  has little effect onChandrasurface brightness fits, owing to
ing showed that this had little impact on the fits. The halo of the very narronChandraPSF. We therefore chose to include
NGC 3411 completely dominates the soft emission within the PSF convolution in th&XMM fitting, but excluded it from the
S3 field of view. Chandrafits. TheXMM-Newtorimages were summed to cre-
ate a single radial profile as were profiles taken from the PSF
2.3. VLA data images. Using these data, we found that our background mod-
As mentioned in Section 1, archival NVSS data shows a els and exposure correction provided a good match to the data
slightly extended radio source coincident with the cenfre o to the limits of the profiles. Figure 2 shows the resulting sur
NGC 3411. In order to improve on the spatial resolution of face brightness profiles.
these data, NGC 3411 was further observed twice with the Fitting was carried out irclAO SHERPA and tests were
VLA. Details of the observations are given in Table 2. The made fitting the two profiles individually. Th¥MM pro-
data were reduced in a standard fashion using AIPS. Becauséile clearly extends far enough to reach the background Jevel
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50 kpc
158 arcsec

Fic. 1.— Left Adaptively smoothed mosaiced 0.3-7 kedMM-NewtonEPIC MOS+PN X-ray image of NGC 3411, with contours overlaid ¢larity.
Smoothing was performed with trens ASMoOOTHtask, requiring a signal-to-noise ratio of 10 in the smodtimage.Right DSS optical image of NGC 3411
with XMM X-ray contours overlaid in black and NVSS radio contours hite. Both panels have the same scale and alignment. The Nbi88urs begin atd
significance (1.5 mJy/beam) and increase in factors of 2. XFhey contours are set at 0.65, 2, 6, 24, 48, 196 counts/pixehmed over all three cameras.

which is modelled by a constant component which is unnec-

essary in th&Chandrafits. A single beta model proved a poor 5 TlAS'-E 3
fit to both profiles, with clear deviations from the data agkar ARAMETERS OF - = S URFACE BRIGHTNESS

and small radii, particularly in th&kMM data. Many groups
have surface brightness profiles which require more than one 2.8 38
beta model to produce a good fit (e.g. Helsdon & Ponman

. . . . . 2.57 4.01

2000). This usually indicates an extra component of emissio Reore1 (") 11'82:%3;6 15'44%%2

for example a galaxy halo or cooling flow embedded within Reore2 () 147.3753;75 206.043517
a larger group halo. We therefore fitted a second beta model, Reores () - 2.46'383
which provided a visibly improved fit to th&MM profile. B 0.593%9 0.56'9.57
The second component provides a slight increase in surface 0.41 031
. . . B2 0.88314 1.09%57;
brightness to match a “bulge” in the profile &100’, and a s i 0.60923
somewhat steeper slope beyond300he model was a good ) 010

fit to the Chandraprofile outside~10", but underestimated red.x*  (0.429/30.561) 7.307 (0.983/3.934) 1.486
d.o.f. (68/22) 96 (66/19) 94

the central surface brightness significantly (see panelwda a
c of Fig. 2). Table 3 gives details of this model, which was

fitted to theXMM profile only (a goodness of fit for théhan-
dradata is given for comparison, but the model was not fitted
to theChandradata). The residual emission is clearly more
extended than would be expected for a point source, and a

NoTE. — Values for reduceg? and degrees of free-
dom of the fits are given in the formatX(MM/Chandrg
total”, so as to allow comparison of the quality of fit be-
tween instruments. Note that the@model was fitted
only to theXMM data, while the 33 model was fitted to

model including a central point source did not provide a good both datasets simultaneously.

fit to the central region.

Addition of a third beta model did provide a good fit to to reasonable accuracy. In order to test whether the 2-D PSF
the central region of th€handraprofile, but simultaneous  convolution is more accurate that 1-D, we performed a 2-D fit
fitting of both datasets showed that this model overestithate to the XMM data using a circular model based on igan-
the central surface brightness of ti&M profile by ~25 per dra 1-D fit with normalization free to vary. We again find that
cent. This disagreement seems most likely to be related tothe model overestimates the data, though in this case there i
the broadXMM PSF, which will act to reduce the peak sur- a possibility that the slight ellipticity of the halo proceea fit
face brightness of the EPIC images. However, the inclusionwhich is a close match to the data at moderate radii but poorer
of PSF convolution in the fit might be expected to correct this in the core. However, it does not appear that fitting in 2-D re-
issue. We use monoenergetic (1 keV) PSF images to creat&olves the problem, suggesting that the 1-D PSF convolution
our PSF model, and it is possible that this introduces someis not causing the difference. The differing energy respsns
error in the convolution, though we would not expect it to be of the telescopes and detectors should be accounted foeby th
noticeable. It is also possible that tBelERPA convolution exposure maps. In any case, the difference is relativelpmin
algorithm is imperfect, though testing shows that convolut  affecting only the centraXMM bin.
of a delta function with the PSF model reproduces the PSF We also perform 2-dimensional image fitting to the two
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FiG. 2.— Azimuthally averaged radial surface brightness pesfilased oXMM-Newton(plots a and c) an@handra(plots b and d) data, with residuals shown
in terms of significance. Solid lines indicate surface bimgiss models consisting of two (plots a and b) or three (pletsd d) beta models. Dotted lines show
individual model components. See Section 3.1 for furthéaitie

datasets, in order to test for the presence and effectsipfiell  between at 80-130 A two-beta model provides a reason-
cal components. Simultaneous fits were performed using theable fit to the data. The centrally dominant component has
threeXMM images described above, and background imagesa slightly smaller core radius than that found in the 1-D fits,
constructed using the method discussed in Section 2. Expobut a very similar slope (Rre=6.91%32., 3=0.5433% 17
sure maps were used to model the instrumental response, andncertainties). The outer component is more divergent) wit
models were convolved with the appropriate PSF images. Asa smaller core radius (&.=85.593%7"") and corresponding

numerous image pixels contained few or zero counts, we usediatter slope =0.64'331). Both components are mildly ellip-
the xspECcimplementation of the Cash maximum likelihood jcg) (einner=0.199%, €0u1e=0.15297) though the outer com-

statistic (Cash 1979) iSHERPA We note that this statistic ponentis poorly constrained, and consistent with zerptih
does not provide a true measure of the absolute goodness Gy The two components have slightly offset centers, buig on
fits, and we therefore judge the quality of fits by inspectibn o 5y, .2 image pixels, well within the size of the PSF. In general
radial profiles and residual images, as well as the fit statist  {ne model appears to be a good fit to the images, with the mild

Fitting to the XMM images, we again find that a single g|jipticity trading off with the slope of the outer comporien
beta model is an inadequate description of the data, overes-

timating the central surface brightness and underestigaéti 3.2. Spectral fits
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Most relaxed gaseous halos have temperature and abun-
dance structures which vary smoothly with radius. As

NGC 3411 is roughly circular in projection, circular annuli 09 b ]
were used to extract spectra from tiMM EPIC andChan- ;'<E'% ]
dra datasets. Appropriate response files were created, as Well% 08 [ + 7
as background spectra as described in Section 2. Spectralrex ¢ <= + ]
gions were chosen to ensure at least 8000 source counts irng . ++ —I— ]

each bin. As expected given the differences in collectiegar
this produced rather narrower bins in tk&M-Newtondata [ ]
than inChandra Data from the two satellites were fitted in- 06 [ ]
dependently, for this reason and to allow the two to act as ——+— —t—t ' —
a check upon each other. Counts at energies lower than 0.4 2|
keV or higher than 7.0 keV were ignored, as the low energy ~ |
response of some of the instruments is questionable, amd ene = 15 |
gies higher than 7.0 keV tend to be dominated by cosmic and g i
particle background emission, and fluorescence lines withi £
the detectors. The hydrogen column of our models was held B
atthe galactic value (4.4310°° cm?) in all fits. Spectrawere 3
grouped to 20 counts per bin. The spectra were initially exam =
ined and fit by hand usingspecv11.3.2p and were found to
be acceptably described by single temperature APEC plasma °0——o— 1 1 . . . |
models (Smith et al. 2001). 0 200 400 600
As group halos are extended along the line of sight as well Radius (arcsec)
asin the P'a”e of the sky, and spectral propemes are eagect FiG. 3.— Deprojected temperature and abundance of the groop finain
to vary with true rather than projected radius from the group independen€handraandXMM fits. 1o uncertainties are indicated.
center, we perform a deprojection analysis. Using two par-
allel scripts, one based on tksPEC PROJCTMOdel and an-
other written usingsHERPA we fit the Chandraand XMM- in temperature and abundance which is then approximated,
Newtonspectra and find the temperature and abundance probut not completely described, by the fitted model. The bin
files shown in Figure 3. The two scripts produced almost iden- will also contain some cool emission from outer shells which
tical results, suggesting that the fits are robust. The adcel ~ may affect the fit, lowering the temperature. This could po-
profile is simple, declining from a central peak to low valagés  tentially lead to an underestimate of the temperature ir8bin
large radii, as expected. The temperature profile is more com an undersubtraction of hard emission and therefore a higher
plex. Typically, relaxed groups have temperature profilskw  temperature in bin 2. In any case, the fact that bins 3 and 4
a central cool region, a peak at moderate radii, and a declineof the XMM profile agree with one another suggests that the
to lower temperatures in the outer halo (see e.g., MKW 4, disagreement is likely to be an issue with @kandraanal-
O'Sullivan et al. 2003). The NGC 3411 profile follows this ysis, and that th&MM measurements are more likely to be
pattern at radii>60", but inside this radius the temperature is correct.
higher than expected. The profile suggests that the group has  To test the robustness of the temperature measurements in
hot core, surrounded by a shell of cool gas, in turn surrodnde the inner region we froze the contributions from the outesbi
by hotter gas whose temperature slowly declines with radius and fitted a range of models instead of the simple single tem-
The radius of the cool shell, 60-12@orresponds well with  perature plasma used in the deprojection. For the two cen-
the “bulge” seen in the surface brightness profiles in Sec-tral XMM bins, we tested two temperature plasma models,
tion 3.1. We would expect the cooler gas of the shell to be plasma models with elemental abundances free to vary, and
slightly more luminous than the warmer gas surrounding it if combinations of plasma and powerlaw models. In both bins,
it is in pressure equilibrium, so this is the likely causeldt  two temperature plasma models improve the fits, but do not
excess surface brightness. While the difference betwean mi lower the temperature of the main spectral component. The
imum and maximum temperature is small).15 keV forthe ~ secondary components have temperatures kT=333XeV
XMM-Newtordata, it is statistically significant; for théhan- and 1.668-23 keV, and contribute-6 and~5 per cent of the
dra profile, the temperature difference between bins 1 and 2 istotal flux. Freeing elemental abundances again improves the
3.40 significant, and between 2 and 3, 8 Significant; forthe fit without significantly altering the primary temperatubet
XMM profile, bins 2 and 3 are different at the 4o7fevel and  does not produce a well constrained fit. Fits to bins 3 and 4
bins 4 and 5 are different at the 3.Tevel. It is notable that  of the XMM profile are not improved by additional spectral
there is a disagreement between @feandraand XMM pro- components. We also tried fitting using tkePEC XMMPSF
files as to the temperature of the cool shell. Itseemslikelyt  model, which corrects for the scattering of photons between
this arises due to the rather broad bins of @tendraprofile spectral bins by the broa¥MM PSF. Inclusion of the model
and the lack of data points at radii beyond 23Deprojection  introduced instabilities in the abundance profile, with ipiite
uses the outer bins to estimate the contribution of emissionin the outer bins leading to a “ringing” effect wherein biragh
at large radii, in the line of sight, to spectra at smaller-pro alternately high and low abundances. Freezing abundance at
jected radii, and then correct for it. Inaccuracies in fitiat the values shown in Figure 3 for the four outer bins produced
large radii are therefore propagated inwards; if the fiterd-t a more stable fit. The resulting temperature profile was very
perature in a bin is too high, it is likely to lower the temper- similar to that produced without themMmPsF model, with
atures of the bins at smaller radii. In this case, the outstmo differences in each bin smaller than the uncertainty, atie es
Chandrabin is broad and probably contains some variation mated uncertainties of the temperatures increasing byed0

<> Chandra
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cent. This suggests that the width of our spectral bins is suf e
ficient to make the spectra relatively insensitive to PSK-sca _L

tering, which will be dominated by photons scattered outivar 5 [ ]
from the high surface brightness inner regions. We theeefor 1 '_I_'-—I—« E
believe that our deprojected temperature profile is robodt a 05 E e 3
reliable. o H | ===I=;===i“‘“i“‘:
C Si ]

3.2.1. AGN contribution > 1 -'“L 3

N L

Freezing the model fits to the outer bins in the deprojectedz 05 F ++
profile, we are able to test whether the central bin supportsg ; .

the inclusion of a powerlaw component. There will be some © o fr—— T+ —————T1—+——
powerlaw contribution from X-ray binaries within NGC 3411,
from the Lx gscriLk relation of Kim & Fabbiano (2004a), we

expect ly gse=5.1+2.0 x 10*erg st. In both XMM and 05 [ ++_I_++ g

4T

53 1f
<

: 1
Chandradata the addition of powerlaw component produces T
only a small improvement in the fit. A second plasma compo- 080 AL
nent produces a more significant improvement (e.g., reduced 0'6 :__I_ 0 E
x%=1.26 for 111 d.o.f., compared to 1.52/112 for the power- ° E! ;

law in the Chandradata). The powerlaw models are poorly 04 _ ++_I_++—I— 1 :

constrained, and in thEhandrafit the emission measure is e T e s S
consistent with zero, within the 90% uncertainties. The to-
tal powerlaw flux estimated from th€MM (Chandr3 fit is
3.177%12x 1013 (6.4535° x 107%%) erg st cm2, which af-
ter subtraction of the expected flux from X-ray binaries ggiv Fic. 4.— Projected abundances of O, Si, S and Fe, from fitsNtM-

o
[
o
o

200 300 400
Radius (arcsec)

an AGN luminosity Ofo=l.llfg:ég « 101 (2-793% % 1041) Newtondata. 90% uncertainties are indicated.
erg st.
As a further test, we extracted the projec@ukandraspec- quality spectra were used. We therefore chose to fit the pro-

trum from a 8’ radius circle positioned at the galaxy center. jected elemental abundance profiles. For the central si bin
Fitting an APEC+powerlaw model, we find a powerlaw flux two-temperature plasma models were found to be required to
of 3.16%8] x 103 erg s* cm™. However, an APEC model achieve an acceptable fit. For the outer two bins only a single
with variable O, Si, S and Fe provides a superior fit to the datatemperature model was required. Figure 4 shows the result-
(red. x?=1.308 for 46 d.o.f. compared to 1.572/48 d.o.f.). ing profiles for 0, Si, S and Fe. The abundance of all four
As a final check we created 5.0-10.0 keV images for the elements peaks in the core, Fe having the highest abundance.
threeXMM cameras an@handrg and examined the area sur- Fe and Si appear to decline slowly with radius, tracing dmric
rounding the radio source in the optical centre of NGC 3411. ment of the gas. S and O show a central peak with fairly flat
No obvious source is visible in any of the images. THean- (though poorly constrained) abundance profiles at larger ra
dra PSF is small enough that even at 8 keV we would expectdius, with O having the lowest central abundance of the four
~75% of photons from a point source to be grouped witifin 1  elements measured. The general decline with radius is simi-
of the source position. The contribution from X-ray binarie lar to that seen in poor clusters (e.g. Tamura et al. 2004), as
or from the cosmic background is negligible over such a small is the lower O abundance. Fewer groups have published ele-
area. No counts were found within 2.6f the peak of thera-  mental abundance profiles. Similar abundance gradients and
dio emission. A 3 upper limit on the emission from the AGN  relative O abundances are found in NGC 5044 (Buote et al.
is equivalent to 10 counts , or 6:20°° erg st in the 0.4-  2003) and HCG 62 (Morita et al. 2006). The slightly hot-
7.0 keV band. This places a firm limit on the maximum X-ray ter (~1.5 keV) systems NGC 1399 and NGC 507 also show
luminosity of the AGN. TheXMM PSF is broader, so we use strong central abundance peaks and declines in both Fe and Si
regions similar to those chosen for spectral extractiormC€o  (Buote 2002; Kim & Fabbiano 2004b), although in NGC 507
paring the number of counts in a region of'3@dius to those  generally higher abundances are reported Z, in the cen-
in a background region at 90-120we find no statistically  tre, dropping to~0.7 Z, at ~80 kpc). Based on the available
significant differences in the EPIC MOS images. The EPIC data, we conclude that the metallicities we measure are not
PN, which has the deepest exposure, has a marginally signifiunusual for a~1 keV system such as NGC 3411.
cant (3.%) excess, with 21.28.7 more counts than would be
expected. If we assume a powerlaw model Witfl.65, this 3.3. Spectral maps

corresponds to a luminosity of 30 erg s™in the 0.4-7.0 Variations of spectral properties which are not azimushall
keV band, with a 3 upper limit of 7.1x10% erg s*. This is symmetric requirpe a more complex spectral analysis than tha
comparable to the flux expected from X-ray binaries for the yagcrined above. To look for such variations, we created 2-
galaxy as a whole. We therefore consider the AGN to have aymensjonal spectral maps of the inner halo of NGC 3411 us-
maximum X-ray luminosity 0~-6x 10 erg s*, and that its ing the techniques described in O’Sullivan et al. (2005)e Th
true luminosity is likely considerably lower. mapping process can be summarized as follows. A grid of
square regions is defined, covering the area of interesh eac
of which will be a pixel of the final map. Square spectral re-
Allowing individual elemental abundances to vary freely in gions are defined, centered on each map pixel, and their size
the deprojected fits produced poorly constrained resultis wi is allowed to vary so that each contains a minimum number of
large uncertainties, even when larger bin sizes and highercounts. Pixels whose spectral region would be above a fixed

3.2.2. Elemental abundances
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maximum size are excluded from the map. For maps\v
data, the most recent “canned” responses are used, the soft- TABLE4
ware selecting the most appropriate response files for each ACCURACY OF SPECTRAL MAP TEMPERATURES
region. For maps based @handra a grid of response ma- Region KT (keV) Map KT (keV)
trices is produced for the map. The spectra are fitterbia XMM Chandra XMM  Chandra
v1.3.0, and resulting parameter values (or uncertaingas)
tered in the corresponding map pixel to create a map showing
the variation of that parameter across the field.
For the maps of NGC 3411, we chose to use’Gikels
(i.e. each pixel is a 6.46.4" square) in theXMM maps and
6.9” in theChandramaps. The initial pixel grids were square,
containing 4096 pixels, though a number were removed due
to lack of counts. Each spectrum was required to have at least _ )
800 counts, and spectra were grouped to 30 counts per binmap, with theD,s contour and optical centre of NGC 3411
The spectral extraction regions varied in size from 8-6 marked fOI’_ comparison. To test the significance of the tem-
XMM and 8.55-64 for Chandra It might be expected that ~Perature differences, we extracted spectra from four secto
the XMM data, which has a facter3.4 more counts, would ~ regions, marked in Figure 6, chosen to approximately cover
produce significantly smaller box sizes than@reandradata.  the two hotter (1 and 3) and cooler (2 and 4) regions. Spec-
The broadeXMM PSF prevents this, by blurring the surface tral fitting confirmed small but significant differences inef
brightness peak; th€handradata have fewer total counts, (emperatures between the regions. Using single spectra for
but a higher central surface brightness. However, while the €ach pair of regions, to maximize the signal-to-noise rafio
XMM data have a larger number of spectral extraction regionsthe data, we find a 4dsignificant difference of 0.07 keV.
of the smallest size. The fact that the spectral extracton r Similar fitting of theXMM data does not show any significant
gions are larger than the map pixels means that spectral fitdifference; however, the featu/res in question are of comypar
are not independent; all spectral regions overlap to some de Ple size to theXMM PSF ¢-20” across) and it seems likely
gree. However, experience with spectral maps of other Sys_that the higher resolution @@handramay be allowing us to
tems (O'Sullivan et al. 2005; O'Sullivan & Ponman 2004) detect features which are blurred outXyM.
has shown that this technique does a surprisingly good job of 34 M Ivsi
identifying temperature and abundance structures which ma 4. Mass analysis
be on smaller scales than the spectral extraction regions. Given the measured temperature and surface brightness
Figure 5 shows temperature maps baseXbtvl-Newton profiles, it is possible to estimate a number of other proper-
andChandradata, in which a number of important features ties of the gas halo, including the density, gas mass, entrop
are visible. Most obvious is that the maps can be divided in and cooling time profiles. Gas density can be estimated from
to three regions; a central roughly circular warm core, sur- the measured profiles and normalized to reproduce the X-ray
rounded by a more elliptical area of cooler gas, which is in luminosity of the group. The total mass profile can then be
turn surrounded by warmer gas at the edge of the maps. Theestimated from the density and temperature profiles usiag th
temperature differences between these regions are mativ. - well-known equation for hydrostatic equilibrium
small, perhaps 0.15 keV, but are certaini®0% significant.
Comparison of these regions to the radial temperature psofil Myot(< 1) = - KTr d'”Pgas+ dinT 1)
discussed in Section 3.2 shows that the map temperatures cor ot pmpG \ dinr dinr /°

respond closely to the higher quality spectra extractedhfro A simplified definition of entropy, ignoring logarithms and

the radial bins. .
Abundances were allowed to vary freely in the spectral fits constants, is used

to each map pixel, but were not well constrained, and no clear KT
structures were found in the abundance distribution. liddiv S= =75 (2)
ual fits produced typical values of 0.3-Z£. The poor con- Ne
straints are unsurprising given the small numbers of counts Uncertainties on the derived parameters are estimated us-
used in the spectra. In order to check the accuracy of the maping a Monte-Carlo technique. The known uncertainties on
we chose several 3Gadius circular regions of relatively con-  the temperature and surface brightness models and the total
stant temperature, shown in Figure 5. Spectra from these rejuminosity are used to randomly vary the input parameters,
gions were extracted and fitted as described in Section 3.2and 10000 realizations of the derived parameter profiles gen
A comparison of the fitted temperatures to those in the maperated. These are then used to estimate thertcertainty on
is shown in Table 4. The two sets of temperatures are veryeach parameter at any given radius.
similar, and we therefore conclude that the maps are an ac- The main issue which arises in these calculations is the
curate and reliable guide to the temperature structure ®f th question of how well the temperature profile can be modelled.
inner halo. A range of models is available, but the unusual temperature
One notable difference between tiandraand XMM profile of the group makes an accurate fit difficult. Specif-
maps is the degree of structure within the central hot core.ically, no model produces an acceptable description of both
The XMM map suggests that the temperature in the centralthe cool shell and central peak. We therefore fit two sepa-
~1" is fairly constant. TheChandramap appears to show rate models, both of which reproduce the temperature profile
hotter regions to north and south, with cooler gas to the eastfrom 120’ outward. In one we ignore the cool shell, fitting
and west, and the uncertainties on the map temperatures ara model similar to the universal cluster temperature profile
small, suggesting that these features may be significagt. Fi described by Allen et al. (2001), with a central high tempera
ure 6 shows an expanded view of this region of @feandra  ture, outer low temperature and a gradient in between. In the

0.84£0.004 0.84-0.01 0.81-0.95 0.81-0.91
0.74£0.02 0.73:0.03 0.70-0.75 0.73-0.79
0.94-0.05 0.8833% 0.84-0.94 0.82-0.89
0.88353 0.87:3%7 0.84-0.92 0.82-0.92
0.88£0.05 0.89:0.06 0.84-0.91 0.84-0.92
0.75£0.01 0.75-0.03 0.73-0.80 0.76-0.82
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FIG. 5.— Temperature maps of the inner halo of NGC 3411. Panels@}) show the best fitted temperature fromXthéM andChandradata respectively.
Panels c), d), e) and f) show the 90% lower and upper boundsroperature for the two datasets. Panel g) shows a DSS oiptiagke with the same scale and
orientation as the maps. All maps have color scales matdhiadpar in panel a). On&€MM map pixel is 6.4 across, and on€handramap pixel is~6.9".
Numbered regions in panel b) show regions used to test theazcof the maps.

central two temperature bins. Each model is used to generate
a set of mass, entropy and cooling time profiles, and these can
be compared to examine the differing effect of the different
models.

For the mass-to-light profile, a deprojected optical lunsino
ity profile of NGC 3411 is calculated, using an approximation
to a 3-dimensional de Vaucouleurs density profile (Mellier &
Mathez 1987). An effective radius of = 30.7" is assumed
(Faber et al. 1989) and the profile is normalized to match the
total B band luminosity of the galaxy.

Figure 7 shows the resulting profiles. As would be ex-
pected, the density and gas mass profiles are almost unaf-
fected by the choice of temperature model. Entropy and cool-
ing time show only minor differences, the cool core model
producing slightly lower values but larger uncertaintiesrsat
the two profiles are generally quite comparable. A number of
the parameters of the cool core temperature model have-corre
lated errors, and this increases the uncertainty on theeteri
Fic. 6.— Expanded view of the central region of tidandratemper- mass profile, particularly at large radii. The main diffecen

ature map. The color scale is identical to that of Figure 5 each map  occyrs in the total mass profile. At the point where the tem-
pixel is 6.9’ or ~2.2 kpc across. The white circle marks thes ellipse of

NGC 3411, and is-38.8 kpc across. The white diamond marks the optical _perature begins to fa”_m the ,CO_OI core model, a d'p.'s visibl
centre of the galaxy and the peak of the radio emission. Theviedge re- in the total mass profile. This is of course unphysical; total

gions used to examine the temperature variation in theaerato are marked mass cannot decline with increasing radius, as this would re
and numbered in black. quire the presence of material with negative mass. The dip is

produced by the very steep gradient in T at this point. This
second (which we will refer to as the cool core model), an May indicate that the sharp gradient is a product of the bin

extra term is added to the model, allowing a central decline Siz€ We have used, and that were we able to use a higher res-
in temperature, which matches the cool shell but ignores theolution temperature profile the gradient would be somewhat




10 O’'Sullivan et al

0.9
0.85
0.8
0.75
0.7

0.65 —+—+—++++++ ]
1013

TTTT
ol

|

LELRRLLL |
R |

KT (keV)

LELRRLLL |
R |

LARE IRRRENRRREN RRRE | AREN R

LRI |
|

1012

LELRRLLL |
Lol

Mtot (MG)

1011

LALLLL LR B LU LR I L

RRLLL |
PRI ERETTT MR ECETTTT |

1010 ——+—++++H

1
1

100

T T IIIIII

1 11 llllll

rI‘cool (yr)
T lll"ll TT IIIIIII
|

10

S (kev cm?)

T

T

| SR TT |

1l 1 1l

1

i 10 100
Radius (kpc)

1

100

M/L; (Mg/Lg)

10

gl raaaal 1

10 100
Radius (kpc)

FiG. 7.— Best fitting surface brightness and deprojected teatper models, and profiles of mass, entropy, cooling timenaask-to-light ratio (M/L) derived
from them. The first panel shows th&VM deprojected temperature profile as crosses withuticertainties on kT. The dashed line and greyuhcertainty
region indicate profiles derived from the Allen et al. stydenperature model described in the text, in which the thidi faarth temperature bins were ignored.
The solid line and hatchedrluncertainty region show profiles based on the cool core maidetissed in the text, fitted by ignoring the two central terafure
bins. Note that the M/L profile includes only light from NGCBHitself.

reduced. Alternatively it may indicate a deficiency in our-su less, apart from the region immediately around this feature
face brightness model, as a steeper surface brightnessegrad both total mass and mass-to-light ratio (M/L) profiles arigeju
at that radius would counter the temperature decline. How- similar, within the uncertainties, and both have physiced+
ever, it seems unlikely that either of these factors coulelcaf  alistic values.
the mass profile enough to prevent the unphysical dip in total

mass. A third possibility is that our assumptions about e g

are incorrect. We find little evidence for multi-phase gas at ] o
this radius, so the most likely cause is that the gas is not in Images from our three VLA observations are shown in Fig-
hydrostatic equilibrium. Calculating the mean enclosegsna Ure 8. The peak of the radio emission corresponds closely
directly from the temperature and normalisation of the spec 0 both the peak of the X-ray halo and the optical centre of
tra in bins 4 and 5 we find that M() does indeed rise with ~NGC 3411. The NVSS data (see Figure 1) show a resolved
radius. However, the bins are too broad to rule out some devi-SOurce with extensions to the south and north-west ofi a 1

ation from hydrostatic equilibrium on small scales. Normeth ~ Scale. Our observations provide much higher spatial resolu
tion, and show details of the structures in the centre of the

3.5. Radio structure
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8 Ghz 1.4 Ghz show central rises 0f~0.2 keV within the central kilopar-
_ sec of each group dominant galaxy (Humphrey et al. 2006).
\ Both systems have temperature profile which rise with ra-
= X dius, but with relatively shallow gradients compared to the
\) 7 steep rise in temperature seen at the outer edge of the cool
7, N shell in NGC 3411. Smooth mass profiles can be derived for
the two groups, so any deviations from hydrostatic equilib-

rium must be mild. The cause of these central temperature
| _32kpc _32kec rises are unclear, and both AGN heating or merger activity
w 10 arcsec 10 arcsec are possibilities. In either case, the systems seem to leare b

only weakly affected or to have had sufficient time to become
largely relaxed. Abell 644 may be an example of a more dis-
turbed system (Buote et al. 2005). In this cluster, the X-ray
surface brightness peak, dominant cD galaxy and centroid of
the X-ray halo are all offset from one another. If a radial tem
perature profile is measured centered on the X-ray peak, the
central~40 kpc region is found to be 2 keV higher than in
the surrounding bins. Measuring the profile from the ceuntroi
0.64 kpc ; of the X-ray halo removes this peak and the surrounding low
2 arcsec 10 arcsec temperature region, producing a near isothermal profile Th
FiG. 8.— 8, 5 and 1.4 GHz VLA maps of the core of NGC 3411 with temperature structure is thotht to be the product Of.a merge,,
radio .flux.dens’ity contours overlaid, and an adaptively simed 0.3-2.0 keV Whl(_;h has he.ated the cluster core and prodL_Jced a “sloshing
Chandraimage with the 1.4 GHz radio contours overlaid for compariso ~ motion, leading to the observed offsets. Using the cenptrall
Contour levels begin ats6(0.105 mJy/beam at 8 GHz, 0.0625 mJy/beam at5 peaked temperature profile, Buote et al. derive a mass profile
Seféznvqos-ilz‘égr{éb%ﬁm a 1n-gisGeHif])t";‘]';dt;]”r‘éfeefggié”gg‘;]tgsfsgr‘;i]{ﬁg'ﬁn Zafoer which is very uncertain, but consistent with the NFW model
was smoothed usir.lgS.M.OOTHWith a signal-to-noise ratio range of3t095. (Navarro et al. 1997)_' However’ they argue that _the C?Utra'
75 kpc of the cluster is likely to be out of hydrostatic ecusli
rium, given the observed disturbance. NGC 3411 shows no
NVSS source. Both the 5 GHz and 1.4 GHz data show a re-evidence of “sloshing” or of a significant merger capable of
solved nuclear source, with a region of low surface brigh$ne producing such a disturbance.
emission extending-5” to the north-east in the 1.4 GHz im- In NGC 3411, the shell of cool gas surrounds the hotter core
age. The beam size of the 8 GHz data is a little too large toat a radius 0f~20-40 kpc. The temperature maps show that
resolve the core, but again there is evidence of a centr&l peathe shell is not completely regular, and the two maps do not
and some extension to the north-east. entirely agree on the projected distribution of the gas. How
Using theaiPs IMFIT task, we fitted Gaussian modelsto the ever, both show cool gas completely surrounding the hotter
nuclear source visible in the 1.4 and 5 GHz images, and thecore region, and both show the largest concentration and the
best-fit parameters of these models can be found in Table 5coolest gas to the east of the core. If we approximate the gas
For the 5 GHz image, a single Gaussian was found to producelistribution as a uniformly filled spherical shell, we findath
a poor fit, and a second component was added. The morét contains 9-1x10° M, of gas. If we instead assume a shell
extended component at 5 GHz appears to correspond fairlyonly 10 kpc thick, with an additional “blob” of gas of size
well with the 1.4 GHz model, both having similar extent and 40x30x 20 kpc (corresponding roughly to the region east of
rather poorly defined position angles. A Gaussian model wasthe core), the mass of cool gas is reducee-&9x 10° M.
also fit to the 8 GHz data, but was not as well constrained. Neither model is physically rigorous; the most likely truene
Based on the 1.4 and 5 GHz fluxes, the nuclear source has #iguration is a spherical hot core located towards one end of
spectral indexyx=0.63£0.07, and a total luminosity, integrated  a slightly elliptical cool shell. For simplicity, we will @sime
between 10 MHz and 10 GHz, okE2.7x10°® erg ™. the former approximation in our discussion, but note that th
The diffuse emission seen in the 1.4 GHz image has an in-mass and volume may be a facto? lower.
tegrated flux of~5.2 mJy, giving a total flux of~13.5 mJy. ) )
This is somewhat lower than the NVSS estimate of total flux, ~ 4.1. Shell formation by AGN reheating of a cool core
S1.46H733 mJy, which may indicate that there is larger scale  perhaps the most obvious scenario for the formation of the

diffuse, low surface brightness emission which is notdec  peak and shell is that NGC 3411 is a system in which the
in our observations. Several other radio sources were found center of a Coo|ing region has been reheated. In this model,

the field of view of our observations, but comparison with the the group halo would have been undisturbed until relatively

digitized sky survey images of the field and with NE&ug-  recently, and radiative cooling would have produced a cool

gests that these are background objects not associatetheith  inner region with a smoothly declining central temperature
NGC 3411 group. profile. Cooling of gas in the core of NGC 3411 itself could
then provide fuel for an AGN outburst (or potentially forista

4. DISCUSSION formation, though the current absorption dominated optica

The most notable feature of the NGC 3411 system is thespectrum argues against this) which would provide enough
central temperature peak and surrounding cool shell. Simi-energy to partially reheat the gas, producing the hot core
lar temperature structures are seen in a handful of systemswhich we observe. We can estimate the minimum energy re-

Chandratemperature profiles of NGC 1407 and NGC 4649 quired by assuming that the core was heated from a temper-
ature of 0.7 keV (equal to the cool shell) to its current state

5 the NASA/IPAC Extragalactic Database, http:/nedwwweipaltech.edu This would require~ 2 x 10°7 erg. Using the relation between
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TABLE5
PARAMETERS OF MODEL FITS TO THE CENTRAL RADIO COMPONENT
Frequency R.A. Dec. FWHM P.A. Peak flux density IntegratackBdensity
(GHz) () ) (mJy/beam) (mJy)
1.4 105026.09 -125042.2 15D.05x1.43t0.06 1233  5.07+0.15 8.270.25
5 1050 26.08 -125042.3 0.1%%¢ 313 2.18+£0.07 2.19:0.07
105026.10 -125042.4 1.1922x 140333 9145  0.16+0.03 1.52:0.29
8 - - 2.1402x05+£05 6145 1.5 1.8

AGN luminosity and mechanical power output (Birzan et al. 2003) and measurements from nearby systems (e.g. Kraemer
2004), we can estimate the current rate of energy injectionet al. 2005) suggest that the energy output from such a wind
from the AGN in NGC 3411 to be-8.2x10" erg s*. This would be rather low. NGC 3411 has a considerably more mas-
is somewhat higher than the upper limits on the current X-ray sive SMBH than a typical Seyfert galaxy and is perhaps more
luminosity of the AGN, but is considerably lower than theerat comparable with BAL QSOs, but the output would still likely
at which energy is lost from the core through radiative cool- be only a few 18%3° ergs?, to low to be responsible for
ing, 1.13x10* erg s*. This strongly suggests that if AGN heating or maintaining the temperature in the group core. In
heating is responsible for the raised temperature of the,cor any case, the lack of a definite X-ray source associated with
the AGN power output must have been significantly larger in the radio peak, the substructures to the north and soutteof th
the past. Energy injection at 40erg s* could produce this  radio core, the lack of a decrease in central surface brégistn
change in~7.2 Myr, while injection at 4 times the currentme-  (as would be expected if a jet in the line of sight had excal/ate
chanical power estimate would tak&0 Myr. However, these  cavities in the X-ray halo) and the absorption dominated op-
energy requirements should be considered lower limitéigf t  tical spectrum all strongly suggest that the AGN is heavily
group did possess a cool core prior to reheating, the ceftre oabsorbed, and probably has an axis close to the plane of the
that region would likely have been cooler than 0.7 keV. The sky.
maximum energy injection rate is limited by the fact that we : :
see no sign of convective instability, which would be expdct 4'2.' Shell formation from stnp_ped gas
if the heating were very rapid. The smooth entropy gradient An alternative is that the cool shell is the product of a
observed shows that the gas heating rate was not sufficient tanerger. It is well established that galaxies falling throug
drive convective gas flows. the IGM of a galaxy cluster can be stripped of their gas by
We can also calculate the energy required to create the twog/am pressure, with several examples observed in nearby sys-
“hot spots” within the core region. As we are not sure of the tems (e.g., Machacek et al. 2006, 2005a; Davis et al. 1997).
mechanism by which heating has occurred, we use the locaAn early-type galaxy, falling into the NGC 3411 group and
sound speedy-365 km %, to estimate a rough timescale of Ppassing through the core, could potentially lose a significa
15.5 Myr over which the hot regions formed. Approximating fraction of its gaseous halo. The stripped gas would sink or
each hot region as a sphet®.5 kpc in diameter and assum- rise to a level where its entropy matches that of the surreund
ing that they were heated by 0.07 keV, we find that the energying IGM, and spread along the equal entropy surface, form-

required is~1.7x10°° erg, equivalent to 8 10*° erg s over ing a shell. As the stripped gas would have a fairly constant
the estimated timescale. This is a relatively low power com- entropy, we might expect the entropy profile to flatten at the
pared to that estimated for the hot core as a whole. radius of the cool shell, and to some extent this is visible in

The fact that we see no signs of jets or shocks in the radioour entropy models. The 0.7 keV temperature observed in the
or X-ray data suggests that the AGN is currently in a fairly shellis quite typical of both group and elliptical galaxyds
quiescent state, or that it is injecting energy through somelf the shell is the product of a merger, no energy input from
form of outflow which is not radio or X-ray bright. Compar- the AGN would be required, except perhaps to balance energy
ison with low-luminosity AGN (Terashima & Wilson 2003) lost through radiative cooling. _ -
and weak-line radio galaxies (Rinn et al. 2005), and with the  There are however a number of potential problems with this
black hole fundamental plane (using a black hole mass ofmodel. The smoothly declining abundance profile shows no
Mswmen ~ 4 x 10° M, based on galaxy luminosity Haring feature at the position of the cool shell, arguing that the ga
& Rix 2004; Merloni et al. 2006), suggests that NGC 3411 has the same origin and enrichment history as the warmer
may be a fairly typical low-luminosity system, though itdie ~ regions around it. Ram-pressure stripping is most effectiv
at the low end of the range of both X-ray and radio power. at high velocities and in high density gas . Galaxy clusters
However, if the X-ray luminosity is significantly lower than often have cores of radius100 kpc, within which the den-
out upper limit, the AGN would be classed as uncommonly Sity ne ~0.01 cm?® (e.g., Sanderson & Ponman 2003). The
X-ray faint. NGC 3411 halo reaches comparable densities only in the cen-

Some Seyfert galaxies and broad-absorption-line (BAL) tral~20 kpc,_so an aIm_ost.radiaI orbitv_vould be required. Tur-
QSOs are known to have diffuse bipolar radio structures cen-bulent and viscous stripping mechanisms can be effective at
tered on the AGN, similar to the radio structure we see in the lower velocities, but these are less efficient at removing ga
core of NGC 3411 (Stocke et al. 1992; Ulvestad & Wilson (Nulsen 1982), suggesting that the cool shell would represe
1984). Such structures may represent outflowing winds fromonly a part of the halo of the stripped object. The amount of
the accretion disk, driven by radiation pressure or magneto 9as in the shell is quite sizable. Athey (2003) measured the
centrifugal forces (Elvis 2000; de Kool 1997, and referance relation between halo gas mass and optical luminosity in el-

therein). However, numerical modelling of such winds (Rrog  liptical galaxies, and we can use this to predict the size of a
galaxy which could produce the shell. If we assume that all



Anomalous Temperature Distribution in NGC 3411 13

the gas in the shell is from the stripped galaxy, and that the whereT = kT/10 keV,n=ne/103 cm3, andA is the im-
galaxy halo was entirely removed, the relation suggests tha pact parameter of the Coulomb collisions, defined as:
we should expect an object with lag=11.2Lg,. The scat-

ter in the relation is quite large, but this still suggestaagy InA =297 +In[n;Y?(To/1CPK)]. (6)
of comparable or greater optical luminosity than NGC 3411

itself. The next most luminous galaxy in the group is a factor  From these equations, we find a mean free path of
~1.5 fainter. ~54 pc, and estimate that with conduction at the Spitzer rate,

To identify galaxies which might have interacted with the heat flux across the boundaries of the shell would be

NGC 3411 at some point in the past, we selected those ob-1-96x10% erg s*, suggesting that the shell would be heated
jects within 2000 km¥ and 1 Mpc on the sky. Compar- © the surrounding temperature4r8 Myr. This value would

ing K-band luminosities (which avoid bias from young stel- bereduced if the temperature gradient were steeper, budwou
lar populations), we find that there are four nearby galaafes ~ increase if the hot and cool regions were magnetically sepa-
comparable size; NGC 3408(=11.24.«.,), IC 647 (10.32), rated. In undisturbed regions of the IGM, magnetic fielddine
NGC 3421 (10.83), NGC 3422 (10.96). All four galaxies have @r¢é commonly assumed to be tangled, producing only small
recession velocities within 250 kni'ef that of NGC 3411,  reductions of the conduction rate. However, processestwhic
Of these, the location of the SO IC 647 inside the cool shell introduce structure into the IGMe(g.radio jets and lobe infla-
just to the east of NGC 3411 might initially suggest a connec- tion, mergers, and gas motions) are thought to straighten th
tion. However, for its halo to be the source of the gas in the fi€ld lines, suppressing conduction across boundariesgg la
cool shell, it would have to have been stripped during a pre- factors. In the case of NGC 3411, the amount of suppression
vious passage through the core so the observed superpositio'®dired depends on our model for the formation of the cool
would be a very unlikely conspiracy. It may be that the galaxy region. Ifitis a cool core which has been reheated by AGN
halo (if one exists) affects the temperature map, decrgasin activity, only mild suppression is necessary, as the timiesc
the temperature at that position. However, while there is ex 0 heat the core is-30 Myr. Heating and expansion of the
cess surface brightness in the region of IC 647 we cannotdas in the central region could cause suppression along the
say how much is associated with the galaxy. NGC 3421 is!nner shell surface, as field lines are stretched, and reduci

a disturbed face-on spiral galaxy0.5 Mpc to the north of pond_uction by a_factor 0£20 could be sufficient._ If the shell
NGC 3411. While late-type spirals predominantly contain IS Stripped gas, it must be a much more long-lived structure,
cool gas, it has been suggested that vigorous star formatiofVith an age of at least a few 49r. In this case, conduction
may heat this gas and cause it to expand and diffuse a\,\,a)yvould have to be suppressed byla factor of a hundred or more.
from the galactic disk, making ram-pressure stripping more _ One of the stronger observational constraints on conduc-
efficient (Rasmussen et al. 2006). However, NGC 3421 hastion in galax_y clusters comes from the temperature vanatio
several regions of ongoing star formation, casting doubt on Within the disturbed c_Iuster A754. Markevitch et al. (2003)
the possibility that it has been significantly stripped. The ~ Suggest that conduction cannot be more than a few percent
remaining galaxies, NGC 3422 and NGC 3404 are distantof the Sp|tzer rate in th_|s system. _Stud|es of conduction as a
enough that the cool shell would have to be unrealisticaly o Mechanism for balancing cooling in galaxy clusters suggest
(1-2 Gyr) for them to have been its source, assuming motionthat rates of a few hundredths to a few tenths of the Spitzer

at the group velocity dispersion of 500 ks value are likely typical (Pope et al. 2006; Voigt & Fabian
2004; Zzakamska & Narayan 2003). While these studies tend
4.3. Conduction across the shell boundaries to focus on much hotter, higher mass systems than NGC 3411,

We can put a lower limit on the lifetime of the cool gas shell &N €xamination of the-2 keV Virgo cluster finds similar con-

by estimating the rate at which it should be heated by conduc-duction rates (Pope et al. 2005). If these estimates hod tru
tion from the surrounding gas. We again assume a uniformfor NGC 3411, they suggest that the conduction rate could
shell of gas, 20 kpc thick, and that the process does nottaffec €Sily be low enough to agree with our AGN heating hypothe-
the surrounding hot gas in any way. We assume a temperaturé'S: The suppression factor required by the merger model is a
gradient of 0.14 keV over 9.5 kpc, the distance between thet® more extreme end of the range, and suggests that the other
mid-points of theXMM spectral bins. The heat flux across this 92laxies in the group may not be viable sources of stripped
gradient can be described as (Spitzer 1962; Sarazin 1988): 9as unless their velocity in the plane of the sky is large.

dkTe) 4.4. Mass, entropy and cooling time

dr ~’ ®) The ing ti i
gas mass and cooling time profiles for the group halo
whereq is the heat flux]T is the electron temperature and are both rather typical of a system of this temperature. It is
« is the thermal conductivity, defined as (Cowie & McKee notable that despite its lower temperature, the cool shell s
1977): rounding the central elliptical still has a longer coolimgé
than the slightly hotter core. The cooling time drops below
kTe 1/2 1 Gyr at~30 kpc, around the midpoint of the cool shell, and is
r=1.31neAe (—) ; (4)  400-500 Myr at 10 kpc. This emphasizes the need for a long-
) % ) term heat source to prevent runaway cooling. As discussed in
wheren is the electron densityye is the electron mass,  section 3.4, the total mass profile is unusual only in the un-
and ) is the electron mean free path. In a fully ionized gas physical decline at-40 kpc, which seems to indicate a devia-
mainly composed of hydrogen, the mean free path is definedtion from hydrostatic equilibrium at the outer edge of thelco
as (Ettori & Fabian 2000): shell. Depending on the formation mechanism it is possible
4 that all the gas in the shell, or even the entire core and,shell
\. = 30.2T2nL InA oe, 5) could be out of hydrostatic equilibrium. However, as the snas
¢ ’ 37.9+In(T /n%/2) profile only becomes unphysical at the outer boundary of the

a=r
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shell, it seems likely that it is only in this region that the-d
viation from equilibrium becomes severe, and that at smalle
radii the mass profile is still reasonably reliable. The mass
to-light ratio profile stays above the expected stellar MfL o
~5 throughout, suggesting the presence of dark matter even
at relatively small radii. Simulations of group formatioungs
gest that we should expect dark matter halos associated both
with the member galaxies and with the group potential as a
whole (e.g., Barnes 1989); the increase in the slope of M/L
outside~20 kpc seems likely to indicate the point at which
the group dark matter halo begins to dominate over the mass
contribution associated with NGC 3411.

The measured entropy profile compares reasonably well
with the results of Mahdavi et al. (2005), unsurprising yegi
that both studies make use of the saxXiM dataset. There
is some discrepancy at the largest radii, with the Mahdavi et
al. result being a factor of£3 lower than our best fit value at
~200 kpc. However, the two values appear to be comparable
given the uncertainties on our entropy profile and the small
amount of scatter in the Mahdavi et al data points. There may
be a larger discrepancy between our total mass and the opti-
cal estimate of Ramella et al. (2002), who suggest a mass of
~2.7x 10" M, within a Virial radius of~1.2 Mpc. A direct
comparison would require a large extrapolation of our data,
which only extend te~200 kpc, but our total mass in that ra-
dius,~8.5x 10" M, is high enough to suggest that the total
mass of the system would be considerably higher. However,
as the Ramella et al. estimate is based on velocities frogn onl
five group member galaxies, the uncertainty on this estimate
is likely large, and the discrepancy may not be serious.

5. CONCLUSIONS

In order to examine the properties of the NGC 3411 group
and the interactions between the central dominant eléptic
and the group halo, we have analys€@dM-Newton Chan-
dra and VLA observations of the system. Our results can be
summarized as follows:

1. The group halo has a highly unusual temperature
structure. The radial temperature profile rises from
~0.72 keV at large radius to a peak 6f0.84 keV
at ~50 kpc. This hot gas encloses a shell of
cool, ~0.7 keV gas which itself surrounds the hot-
ter ~0.84 keV core. While these temperature differ-
ences are small, they are statistically significant. Spec-
tral mapping confirms that the cool gas completely sur-
rounds the core (in projection) and shows the largest
concentration of the coolest gas to be located west of
the group core.

2. TheXMM-NewtonX-ray surface brightness profile re-
quires two beta models to produce a good fit, the sec-
ond component producing a slight excess-&0 kpc
radius, corresponding to the shell of cool g&handra
surface brightness modelling shows a third component
in the core which is not resolved by thé/IM data. This
componentis extended, and is therefore more likely re-

4. Calculation of the total mass, entropy, cooling time and

mass-to-light ratio shows them to be fairly typical of
galaxy groups. There is no entropy inversion in the
core, indicating that any heating in the system has been
slow. The cooling time of the system is shorter than
10° yr within ~20 kpc, suggesting that some source of
heating is necessary in the long term to prevent run-
away cooling. The Mass-to-light ratio profile supports
the presence of dark matter at all radii with the possible
exception of the innermost galaxy core. A change in
gradient at~20 kpc may indicate the point at which the
group dark matter halo begins to dominate the mass dis-
tribution. However, an unphysical decline in total mass
at ~35 kpc suggests that the gas is not in hydrostatic
equilibrium at this point.

. Analysis of the VLA observations at 1.4, 5 and 8 GHz

reveals a resolved nuclear source with a luminosity of
2.7x10%8 erg s*. There is also evidence for some dif-
fuse emission at 1.4 GHz, extending a few arcseconds.
There is no sign of well defined radio jets or lobes, and
this may indicate that the AGN is is a relatively quies-
cent state. An AGN driven wind may be responsible
for the diffuse radio emission we observe. There is lit-
tle evidence for significant AGN activity in the X-ray
data, and th€handradata places a firm upper limit on
the AGN 0.4-7.0 keV luminosity of&6x10* erg s?.
This suggests that the AGN is heavily absorbed, and
probably has an axis close to the plane of the sky.

. One possible explanation of the cool gas observed in

the temperature analysis is that it is stripped material
which has settled along its equal entropy surface to
form a shell. However, the mass of gas is relatively

large, stripping mechanisms are thought to be relatively
inefficient in the group environment, and the galaxies

which might be the source of the material are both dis-

tant and unlikely to have possessed sufficient hot gas.
It is also possible that the timescale over which con-

duction would heat the cool shell is short enough that
the other galaxies in the group would be unrealistic as
sources of the stripped gas.

. An alternative is that the temperature features reptesen

a cool core which has been partially reheated by AGN
activity. In its current quiescent state, the AGN is un-

likely to provide the energy required for such heating,

therefore it seems probable that it underwent a period
of enhanced activity in the recent past. If this explana-
tion is accurate, we are observing the group at a very
unusual period in its history, when the effects of both

cooling an heating are visible. The lack of other sys-

tems with similar temperature structure would then be
unsurprising. In our opinion, this is the more likely sce-

nario.
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