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ABSTRACT

We present a ne®handra observation of the galaxy cluster Abell 2146 which has riaga
complex merging system with a gas structure that is remédylsimilar to the Bullet cluster
(eg.[Markevitch et al. 2002). The X-ray image and tempeeatnap show a cool 2 3 keV
subcluster with a ram pressure stripped tail of gas jusingxihe disrupted 6- 7 keV primary
cluster. From the sharp jump in the temperature and denfibheaas, we determine that the
subcluster is preceded by a bow shock with a Mach nurivber2.2 4+ 0.8, corresponding to
a velocityv = 2200"335°%km s7* relative to the main cluster. We estimate that the subaluste
passed through the primary core onlyl 8- 0.3 Gyr ago. In addition, we observe a slower
upstream shock propagating through the outer region of tineapy cluster and calculate a
Mach numbeM = 1.7 4+ 0.3. Based on the measured shock Mach numbkrs 2 and the
strength of the upstream shock, we argue that the mass edti@bn the two merging clusters
is between 3 and 4 to one. By comparing tBleandra observation with an archival HST
observation, we find that a group of galaxies is located intfod the X-ray subcluster core
but the brightest cluster galaxy is located immediatelyitethe X-ray peak.
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1 INTRODUCTION

Galaxy clusters are assembled by hierarchical mergers allesm
subclusters and groups. These subclusters collide atitretoof

a few thousand kmg, releasing as much as &0erg of ki-
netic energy as thermal energy by driving shocks, geneyatin
bulence and probably accelerating relativistic partidlese eg.
Sarazin 2001; Feretti etlal. 2002). Major cluster mergezdfzere-
fore the most energetic events since the Big Bang. Shocksfron
provide a key observational tool in the study of these system
They can be used to determine the velocity and kinematicheof t
merger and to study the conditions and transport proceast i
ICM, including electron-ion equilibrium and thermal comton
(eg.IMarkevitch 2006). Combining X-ray observations of gieg
clusters with gravitational lensing studies has also pcedulirect
detections of dark matter (Clowe et al. 2004, 2006; Bradat e
2006) and constraints on the dark matter self-interactimssc
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section [(Markevitch et al. 2004; Randall et al. 2008). Raoln
servations of supernova remnants indicate that a fractfoien
shock energy can be converted into the acceleration ofivislat
tic particles (eg. Blandford & Eichler 1987). It is likely ahthis
process also operates in cluster mergers and could proguee s
chrotron radio emission (eg. Feretti et al. 2002; Fereit2@uote
2001; | Kempner & David _2004) and inverse Compton hard X-
ray emission (ed. Fusco-Femiano €t al. 1999; Rephaell &98D;
Fusco-Femiano et &l. 2005). However, as radio emittingtrelas
have short radiative lifetimes (16- 108 yr), it is difficult to ex-
plain the~ Mpc size of extended radio halos (for a review see eg.
Brunetti 2003).

X-ray observations of merging shocks currently provide the
only method for determining the velocity of the cluster gaghe
plane of the sky (ed. Markevitch etlal. 1999). By measuring th
temperature and density of the gas on either side of the shock
using X-ray imaging spectroscopy, the shock velocity carcdle
culated from the Rankine-Hugoniot jump conditions. Whilany
clusters are found to have shock-heated regions (eq. HelBwes:
1995,11996; Markevitch et al. 1996; Belsole etlal. 2004, 3005
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the detection of a sharp density edge and an unambiguous jumpits trail of emission to the SE and a second, more diffuseoregi

in temperature is rare. Currently only two shock fronts have
been found byChandra: one in the Bullet cluster (1E 0657-56;
Markevitch et al! 2002; Markevitch 2006) and the other in I\be
520 (Markevitch et al._2005). In this paper we present two new
merger shock fronts discovered in a recéftandra observa-
tion of the galaxy cluster Abell 2146 at a redshift= 0.234
(Struble & Rood 1999; Bdhringer etlal. 2000).

We assumédg =70km s Mpc1, O =0.3andQp =0.7,
translating to a scale of Bkpc per arcsec at the redshift 0.234
of Abell 2146. All errors are & unless otherwise noted.

2 DATA PREPARATION

Abell 2146 was observed with theéhandra ACIS-S detector for
43 ks split into two observations which were taken only a dzara
in April 2009 (Obs. IDs 10464 and 10888). The data were anal-
ysed with CIAO version 4.2 and CALDB version 4.2.0 provided
by the Chandra X-ray Center (CXC). The level 1 event files were
reprocessed to apply the latest gain and charge transfécieecy
correction and then filtered to remove photons detected lath
grades. The improved background screening provided by MFAI
mode was also applied. The background light curve extrdotea
the ACIS-S1 level 2 event file was filtered using the_CLEAN
scripﬂ provided by M. Markevitch to identify periods affected by
flares. There were no flares in either observation of Abel624@
we proceeded with the final cleaned exposure of 43 ks.

As the two separate observations were taken so closely to-
gether, with effectively identical chips positions andl rahgles,
we were able to reproject them to a common position (Obs. ID
10464) and combine them. Exposure-corrected images were cr
ated by combining the two cleaned event files and assuming-a mo
noenergetic distribution of source photons @ keV, which is ap-
proximately the peak energy of the source.

3 IMAGING ANALYSIS

Exposure-corrected images of the galaxy cluster and a zoash i
the cluster core are shown in F[d. 1. The X-ray emission is ex-
tended from SE to NW and appears to cut off abruptly at either
end of this axis. The bright, dense core has been displaced fr
the cluster centre and is being stripped of its material tmfa tail
of gas towards the NW. The brightest cluster galaxy (BCGysho
in Fig.[d is displaced- 10 arcsec to the NW of the X-ray surface
brightness peak and contains a point source detected iGHare
dra X-ray image and a VLA ® GHz radio image (NRAO/VLA
Archive Survey). The X-ray point source is detected at hawete
gies (2— 10 keV) and it is likely that this corresponds to an AGN,
but a measurement of the flux was difficult with the superinepos
cluster emission. We estimated the point source flux by etitrg
the source counts in a region of 2 arcsec radius and sulotgacti
the cluster emission using a surrounding region from®arcsec
radius. Using a powerlaw model with photon index 2, we esti-
mated the point source luminosity in the energy rangel® keV
to bely_1okev=1.6+0.4x 10" ergs L.

The unsharp-masked image shown in Elg. 1 (right) highlights
the different structures in the cluster gas. The clusteefmeted
into two concentrations of X-ray emitting gas: the clustarecand

1 See http://cxc.harvard.edu/contrib/maxim/acisbg/

of material to the NW. Figd.11 arid 3 also reveal several edges i
the X-ray surface brightness. The sharpest of these defieeSE
edge of the bright subcluster core. A second outer edge ildevis

~ 0.5 to the SE of the core although the steep decline in the cluster
surface brightness reduces the significance of this feafteethird
edge appears at the NW edge of the galaxy cluster. There could
potentially be a fourth surface brightness edge separétiegwo
concentrations of cluster gas. Finally, the subclustaisaf gas

also appears to have an extension to the SW.

Abell 2146 appears to have a remarkably similar structure to
the Bullet cluster|(Markevitch et al. 2002; Markeviich 2008he
X-ray morphology suggests a recent merger where a subcluste
containing the dense core has passed through the centrecracs
cluster, the remnant of which appears as the concentratigasao
the NW. The dense subcluster has just emerged from the grimar
core, travelling to the SE, and is trailing material that basn ram
pressure stripped in the gravitational potential. The ggs®f this
dense subcluster core is likely to generate sharp shoctsfiotthe
ICM.

To confirm the detection of the edges in the X-ray emission,
we produced surface brightness profiles in two sectors tiNive
and SE from the AGN, as shown in FIg. 4. The surface brightness
profiles were extracted from the merged exposure-correatiage
in the energy range.8— 7.0 keV. The radial bins are 1 arcsec wide
in the cluster centre and then increase in size as the clustiarce
brightness declines and the background subtraction bexames
important. Point sources were identified using the CIAO @ilgm
WAVDETECT, visually confirmed and excluded from the analysis
using elliptical apertures where the radii were consevebti set
to five times the measured width of the PSFE (Freeman et all)2002
The background was determined in a sector taken from the §& ed
of the ACIS-S3 chip, 200- 270 arcsec from the central AGN, in a
region that is largely free of cluster emission (Fi. 4).

Fig.[  (left) shows the SE surface brightness profile, centre
on the AGN. There is steep decline in the surface brightness a
18 arcsec radius, marking the edge of the subcluster cotlehan
a second break at 55 arcsec. [Eif. 5 (right) shows the NW surfac
brightness profile declines slowly through the length of thm
pressure stripped tail to a break-at50 arcsec, marking the sep-
aration between the two concentrations of X-ray gas. Thew i
sharp edge in the surface brightness profile 420 arcsec, where
the surface brightness drops by a factor~of’. In summary, we
identify four surface brightness edges: two in the SE sexttoadii
of 18 arcsec and 55 arcsec in front of the subcluster coreaand
other two in the NW sector at radii of 50 arcsec and 120 arcsec.
To determine whether these surface brightness edges atkssho
or cold fronts (egl Markevitch et gl. 2000; Vikhlinin et alo®1;
Markevitch & Vikhlinin 12007), we extracted and analysed a§r
spectra on either side of these features to determine theté@m
perature and density.

4 SPECTRAL ANALYSIS & DEPROJECTION

We first extracted an overall cluster spectrum using an aater
dius of 2, which contained the vast majority of the cluster emis-
sion, after excluding point sources. The background was sub
tracted using a spectrum extracted from a cluster-freeonegt

the edge of the chip and appropriate responses and anaidary
sponses were generated. The spectrum was restricted tathe e
ergy range & — 7.0 keV and grouped to contain a minimum

(© 0000 RAS, MNRASD0O, 000—-000


http://cxc.harvard.edu/contrib/maxim/acisbg/

2 aremin

440 kpe

2E-07 6E-07

-0.3

3

The merging cluster Abell 2146

2 aremin

440 kpc

-0.2 0.1 0.2 0.3

-0.1 0

Figure 1. Left: Exposure-corrected image in the 0.3-5.0 keV energyismoothed with a 2D Gaussian= 1.5 arcsec (North is up and East is to the left).
The logarithmic scale bar has units photonsérs~! arcsec?. Right: Unsharp-masked image created by subtracting imageothed by 2D Gaussians

with 0 =5 and 20 arcsec and dividing by the sum of the two images.

5arcsec
el
19 kpc

Figure 2. Hubble Legacy Archive image of the brightest cluster galaxy
Abell 2146 5) witBhandra X-ray and VLA 49 GHz radio
(NRAO/VLA Archive Survey) contours superimposed in reddaind blue
dashed lines respectively.

of 30 counts per spectral channel. A single temperature fit to
the cluster spectrum using an absorbed thermal plasmaiemiss
modelPHABS(MEKAL ) (Balucinska-Church & M mmon 1992;
Mewe et al.| 1985/ 1986; Kaadtra 19¢2; Liedahl etal. 1995) in
XSPEC version 12.5.06) produced a good fit (re-
duced x? = 0.99 for 328 degrees of freedom) with a temper-
ature 67133 keV, luminosity Ly = 1.55+ 0.02 x 10" erg s’
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Figure 3. Unsharp-masked image as in Fiy. 1 with structural featurdisd
cluster labelled.

(0.01—-50.0 keV) and an abundance of37+ 0.04Z.,, measured
assuming the abundance ratios of Anders & Grevesse|(1988). T
Galactic hydrogen column density was left as a free paramete
giving a valueny = 0.028-£ 0.004 x 10?2 cm—2 which is consis-
tent with the Galactic value measured| by Kalberla &1 al. £3@0
Ny = 0.03x 10?2 cm™2.

We also fitted an absorbed single temperature model to a spec-
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2005%) and the redshift fixed to 0.234. The fitting procedura-mi
imised they?2-statistic. The errors were approximately15% in
temperature and 8% for the emission measure. However, the high
temperature bins greater than 10 keV are poorly constraiyed
the energy range dfhandra producing larger errors greater than
~ 30%. We fixed the metallicity to an average value ¢f2; in

the spectral fits; the limited number of counts produced alpoo
constrained metallicity parameter if it was left free. Howe we
found that fixing the metallicity still produced a very sianiltem-
perature and density map.

Shown in Fig[$ are the projected emission measure per unit
area, temperature and ‘pressure’ maps. The projectedsimess
map was produced by multiplying the square root of the emis-
sion measure per unit area and the temperature maps. The pro-

- ~———

Pl

‘\ ““’7 i jected emission measure map shows the strongly peakedwore s
\\ T face brightness, bright tail of stripped material and trenghted
w : morphology of the cluster in the NW to SE direction. Thereldou

also be a spur of emission out to the SW of the subcluster Toee.
projected temperature map shows strong variations adresgus-
ter. In the dense subcluster core, the temperature dropsivaas

Figure 4. Exposure-corrected image of the ACIS-S3 chipx@arcmin) in 1.9+0.1 keV and then sharply increases to the SE up-td.8 keV

the 0.3—7.0 keV energy band smoothed with a 2D Gaussiar2.5 arcsec. between the two SE surface brightness edges. The large emor
The sectors and background region used to produce surfaterass pro- the high temperature I@ keV bin immediately in front of the cool
files are labelled. The dashed lines across the sectors headpproximate subcluster make it consistent with a constant temperatitrgden
location of the surface brightness edges. the edges. The ram pressure stripped tail of material apesaa

warmer stream of gas (58 keV) behind the subcluster core and
) ) ] ) . trails back to the hottest region of the disrupted main elusthe
trum extracted in a region of radius 10 arcsec, which approxi - g\ spur of emission suggested in the emission measure map cor
mately encloses the bright subcluster core, and excludeA@N. o550nds to a 5 7 keV region of gas which could be connected to
The hydrogen column density parameter was poorly consiain e ram pressure stripped tail from the core. The high teatpegs,
and so was fixed to the Galactic value. This produced a temper- 1+3 keV, in the NW region of the cluster suggest shock heating of
ature of 27+0.1 keV and a metallicity of ®+0.1Z (reduced  yhe gas is likely. The sudden drop in temperature at the NV¢ edg

X* = 1.4 for 68 degrees of freedom). The spectral fit was signif- ot the cluster, which coincides with the surface brightreige, is
icantly improved by adding a cooling flowkCFLOwW component particularly suggestive of a shock front.

which modzels gas cooling down to low temperaturg$ £ 94 re- The NW edge is clearly visible in the projected ‘pressure’
duced tox~ = 80 for 67 degrees of freedom). The low tempera- a5 (Fig [® right) as a sudden increase and subsequent drop in
ture limit of the mkcFLow model was fixed to 4 keV and the o pressure by a factor ef 5. To the SE of the subcluster core,
higher temperature and metallicity were tied to thekAL com- the pressure is approximately constant 020 arcsec and then
ponent parametersl. ThexCFLOW model normalization suggests  grons abruptly at larger radii. This could indicate that ataot

that 40+ 10Mg yr™= could be cooling out of the X-ray and down  giscontinuity or cold front immediately precedes the subter

to low temperatures in the subcluster core. rather than a shock (Markevitch el lal, 2000; Vikhlinin {2001 ;
If we exclude the cool core from the overall cluster spec- Markevitch & Vikhlinin 2007).

trum we get a cluster temperature ob# 0.3 keV and luminos-
ity Lx = 1.554+0.02x 10" erg s'1 (0.01—50.0 keV). Therefore,
Abell 2146 falls on the.x — T relation for local clusters (Prattetlal. 4.2 Projected & deprojected radial profiles

[¢
2009). We obtained a more significant detection of the temperatoce a

density changes across the surface brightness edges hgtadr
radial profiles in the NW and SE sectors (Hi§). 7). The radiabbi
were positioned so as to determine the gas properties cer sitde
We used spatially resolved spectroscopy techniques toupeod  of the surface brightness edges while maintaining a mininofim
maps of the projected gas properties in the cluster core [@}ig 3000 counts in each extracted spectrum. This lower limitiexts
The centrak 4 x 4 arcmin was divided into bins using the Contour enough counts to provide a good spectral fit and constraimts o

4.1 Temperature and density maps

Binning algorithm [(Sanders 2006), which follows surfaceght- the parameters. The steep decline in the cluster surfaghtbéss
ness variations. Regions with a signal-to-noise ratio of~32000 in the outermost radial bins made it particularly difficudt ¢on-
counts) were chosen, with the restriction that the lengthebins strain the outer gas properties. A wide outer radial bin frbho

was at most two and a half times their width. The backgrouedsp 2.5 arcmin was therefore required for the SE sector to determin
trum was subtracted from the observed dataset and appepeia the nature of the surface brightness edge in front of theadene.
sponses and ancillary responses were generated. Thesspecy Spectra were extracted from the radial bins in each sector.
grouped to contain a minimum of 20 counts per spectral cHanne Point sources were identified and excluded as detailed itiosec
and restricted to the energy rang86 7.0 keV. Each spectrumwas  [3. The spectra were analysed in the energy range-@.0 keV
fitted inxsPEcwith an absorbetEkAL model with the absorption and grouped with a minimum of 30 counts per spectral bin. The
fixed to the Galactic valuey = 3.0 x 10?29 cm~2 (Kalberla et al. background subtraction was particularly important for tbgions

(© 0000 RAS, MNRASD0O, 000—-000
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Figure 5. Surface brightness profiles in the energy range 0.3-7.0 kethé SE (left) and NW (right) sectors as shown in Elg. 4. Tiygraximate locations
of the surface brightness edges shown in[Big. 4 are markéddaghed lines. Both profiles are centred on the AGN.
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Figure 6. Left: projected emission measure per unit area map (units°arcsec?). The emission measure is thesPECnormalization of theMEKAL
spectrumK = EI /(4 x 10141DZ (1+z)2), where El is the emission integr&@ll = [nenydV. Centre: projected temperature map ( keV). Right: profecte
‘pressure’ map (units keV cn? arcsec?) produced by multiplying the emission measure and temperahaps. The blue lines correspond to the dashed
lines in Fig[®. The excluded point sources are visible adlsmfte circles.

outside the surface brightness edges where the flux is lovedne by a factor of~ 1.3 which significantly affected the temperature
pared the use of an on-chip background extracted from asourc result in regions of low surface brightness. We thereforedus
free sector at the edge of the chip (Hiyj. 4) with a blank-skykba background spectrum extracted from the cluster-free settthe
ground extracted from the data sets available from the CXe€C an edge of the chip for the spectral analysis. Response anitbayce-
normalized to the count rate in the high energy bakd-912 keV. sponse files were generated for each spectrum, weightecdaogo
Although the use of a blank-sky background would account for to the number of counts between 0.5 and keV. These projected
spatial variations in the background count rate across kg, ¢ spectra were then fitted ikspPeCwith an absorbed single tempera-
this was estimated to be only a few per cent in the energy band ture thermal plasma emission mo@elABS(MEKAL ). The redshift
0.5—7.0 keV. The differences between the blank-sky and on-chip was fixed taz= 0.234 and the absorption was fixed to the Galactic
backgrounds when extracted from the same source-freeregice valueny = 0.03x 10?22 cm2 (Kalberla et al. 2005).

found to be more significant. The normalized blank-sky spect
overestimated the background at low energies keV and under-
estimated the background count rate in the energy rangé eV

However, these projected spectra extracted from the claste
the plane of the sky correspond to summed cross-sectionktioéa
emission along the line of sight. A spectrum from the centiere-

(© 0000 RAS, MNRASDOQ, 000-000
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Figure 7. Exposure-corrected image in the 0.3-7.0 keV energy band

smoothed with a 2D Gaussian= 2.5 arcsec. X-ray surface brightness con-
tours have been overlaid (thin red solid lines). The regigsed to analyse
the NW and SE surface brightness edges are shown by thidk $idid and
dashed lines respectively.

laxed cluster will therefore contain a range of spectral ponents
from the core to the cluster outskirts. To determine the @rigs of
the cluster core these projected contributions from therotits-
ter layers should be subtracted off the inner spectra byojlegiing
the emission. However, deprojection routines requirermgtion
about the line of sight extent of the cluster and generaluae
that the cluster is spherically symmetric. While this is as@nable
assumption for a relaxed cluster, the highly irregular dodgated
morphology of Abell 2146 clearly deviates from sphericainsy
metry. We have therefore compared the projected and depedje
spectra and discussed the validity of the assumption ofrijathie
symmetry for each sector considered.

We used a straightforward model-independent spectrabdepr
jection routine PSDEPROJISanders & Fabian 2007; Russell et al.
2008), which assumes spherical symmetrgyDEPROJstarts from
the background-subtracted spectrum extracted from thermost
annulus and assumes it was emitted from part of a spheriedll sh
This spectrum is scaled by the volume that is projected dmto t
next innermost shell (geometric factors from Kriss et aB3)3and
subtracted from the spectrum extracted from that annuiughis
way the deprojection routine moves inwards subtractingcthe
tribution of projected spectra from each successive asrolpro-
duce a set of deprojected spectra.

The deprojected spectra were also analysed in the energy

range 05— 7.0 keV and grouped with a minimum of 30 counts
per spectral bin. Appropriate response and ancillary respdiles
were generated as before. The deprojected spectra werkifitte

XsPeEcwith an absorbediekAL model and the parameters set as

previously described for the projected spectra.

4.3 NW sector: upstream shock

Figs.[8 and® show the projected and deprojected radial @sofil
for the NW sector of Abell 2146. The projected temperaturapis
proximately constant at- 6.5 keV through the length of the ram
pressure stripped trail of gas from the cool-core. Beyonddius

of 50 arcsec (200 kpc) from the central AGN, marking the appro
imate end of the subcluster tail, the temperature incresteeslily
to a peak of 13% keV at 100 arcsec (400 kpc). Then at the surface

brightness edge the temperature plummets downﬁégfg keV.
The metallicity parameter was not well constrained by thecsp
tral fits and the increase seen at 100 arcsec is not significant
sharp drop in the temperature at this radius is matched by dr
in the electron density shown by the deprojected profilesign[@
confirming that this is a shock.

The deprojection routinesbEPROJassumes spherical sym-
metry, which may not be reasonable given the cluster’s fighin-
gated morphology in this sector. However, the steep gradighe
surface brightness profile outside 40 arcsec radius [Figedi)ced
the significance of the projected outer layers. The deprejetem-
peratures were therefore consistent with the projectegé¢entures
to within the 1o errors (Figs[b anfl]8). We used the deprojected
results to analyse the shock at 120 arcsec where the surigbe-b
ness contours tend toward circular at the shock edge. Thegatied
morphology and substructure of the subcluster tail, cauptéh
the shallow surface brightness gradient, made the depimjecf
the surface brightness edge at 50 arcsec much more diffi@ra
good constraint on the temperature, a much greater numbér of
ray counts is needed to facilitate the use of smaller radi im a
narrower NW sector. The metallicity was poorly constraiirethe
deprojected annuli therefore this parameter was fixed tawbeage
of 0.4Z;, determined from the spectral fits to the projected annuli.

There are two sharp drops in the deprojected electron gensit
profile (Fig.[9) which correspond to the outer surface brighs
edge at 120 arcsec seen in [ib. 5 (right) and the subclugtenth
at 50 arcsec. At a radius of 120 arcsec, the density decrbgses
factor of 283+ 0.08, which coincides with a temperature drop from
16"3 keV down to 46" 59 keV confirming that this outer edge is a
shock. By combining the deprojected temperatlirand electron
densityne, we calculated the electron pressée= kgneT (Fig.[9
bottom). As expected, there is a large decrease in presgtaetor
of 10°3 at the shock front.

The nature of the edge at the subcluster tail end (50 arcsec)
was more difficult to determine. The radial temperature hitsioe
the edge (56- 70 arcsec) is likely to contain some hotter gas from
the outer shock edge in projection, biasing the projectetghéza-
ture value high. The deprojected temperature in this raaials
poorly constrained so it is unclear whether the subclusiéends
in a shock or a cold front. The density decreases by a factor of
1.91+0.07 producing a drop in the electron pressure by a factor of
2.1f8:g. The decrease in pressure across the surface brightness edg
was not very significant primarily because of the poor caists
on the gas temperature.

FollowinglLandau & Lifshitz|(1959), we applied the Rankine-
Hugoniot jump conditions across the shock at 120 arcseasddi
calculate the Mach numbeM = v/cs, wherev is the velocity of the
pre-shock gas ang is the velocity of sound in that gas. The Mach
number can be calculated independently from the densitpjum

— 292/91 1z
M= (v+1— pz/pl(y—l)> @)
or temperature ijp,
(02 (/-1
M= ( 2y(y-1) @

(© 0000 RAS, MNRASD0O, 000—-000
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Figure 8. NW sector projected radial temperature (upper) and meitgli
(lower) profiles centred on the AGN. The black circles shoavrédial tem-
perature profiles with the metallicity left as a free paramend the red di-
amonds show the results when the metallicity was fixed4&@@ (slightly
offset in the x-direction for clarity).

whereT;, p1 and T, p» denote the temperature and density be-
fore/upstream and after/downstream of the shock respdgtidere
we assume the adiabatic index for a monatomic gas5/3. This
may not be applicable if, for example, a significant amourgrof
ergy is lost in the acceleration of particles at the shochtfro

At the NW shock, the density drops by a factos/p; =
2.834-0.08 which, from equatiofi]1, gives a Mach numiér=
2.7+ 0.1. Using equatiori]2, the observed temperature drop of
T,/T1 = 34733 givesM = 2.773. These two independent cal-
culations of the Mach number agree within the érrors.

However, the sharp drop in surface brightness producedeby th
shock edge is superimposed on the underlying decay in ttse clu
ter surface brightness with radius. The relatively largialabins
used in this analysis to ensure a reliable calculation opemature
may therefore overestimate the density drop at the shodkeef
free emission dominates, the X-ray emissivity dependsigtyoon
gas density and only weakly on temperature) p2T1/2 permit-
ting narrower radial bins for calculating the density. ®itice ICM
temperature in Abell 2146 only drops below 2 keV in the codi-su
cluster core this is a reasonable assertion. We therefprejdeted
the X-ray surface brightness profile, using small corrextifor the
temperature variation, and derived the electron densitamower
radial bins to more accurately calculate the density jumpess
the shock edges.
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Figure 9. NW sector deprojected radial temperature (upper), elecem-
sity (centre) and electron pressure (lower) profiles centme the AGN.
The metallicity was fixed to @ Z.,. The projected temperature profile, with
metallicity also fixed to @ Z., is shown overlaid on the deprojected pro-
file (slightly offset in the x-direction for clarity). The pjected electron
pressure was calculated using the projected temperatnceseprojected
electron densities. The dashed line marks the tail end ofubeluster and
the solid line marks the upstream shock.

method first described in Fabian et al. (1980). The backgtovas
subtracted using the region at large radii from the clusidyedore
(Fig.[4). The radial bins are slightly larger for the depotéel pro-
file to ensure a similar number of counts at each radius. Hewev
there were few data points above the background level autbiel
NW shock edge to constrain the upstream gas propertiesoudgtin
there areROSAT observations of Abell 2146, in the PSPC expo-
sures of the field it is more than 40 arcmin off axis and the HRI
exposure of the cluster on axis does not detect the clustskics
with any significance. It was therefore not possible to yetife
analysis of the outer cluster gas layers WRBSAT data.

The deprojected electron density was calculated from the
XsPecnormalization for aPHABS(MEKAL ) model, where the to-

The surface brightness profile was deprojected by assuming tal model flux was set equal to the deprojected surface lrégist

spherical symmetry and using the straightforward ‘onieeling’

(© 0000 RAS, MNRASDOQ, 000-000

in each radial bin. The temperature parameter was set twthe-c
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Figure 10. Upper: Surface brightness profile in the energy range 0.3—
7.0 keV for the NW shock. Lower: deprojected electron dgrmiofile. The
shock edge is marked with a solid line.

sponding deprojected value determined from spectralditifig.[9
upper).

The projected surface brightness and deprojected electronand 60*0
density across the NW shock edge are shown in[Eiy. 10[Flg. 10 5. ine-

(lower panel) shows a drop in the gas densitpsfo; =2.0+0.4
across the shock edge. From equafibn 1, this gives a Machetumb
M = 1.7+0.3, lower than the spectral fitting result calculated from
the density jump oM = 2.7+ 0.1. If we repeat the spectral depro-
jection, but with each radial bin split into two and the temgtere
parameters tied together in each pair, the Mach numberlagécu
from the density also drops ¥ = 2.1°34

We therefore conclude that the Mach number of the NW
shock is closer to the lower value & = 1.7+ 0.3 calculated
from the higher resolution spatial binning which more clgse
probes the shock. The sound speed in front of the shock is
(YkeTr/my p)Y/? = 1100733°km 7%, where the gas temperature
in front of the shockT; = 4.639 keV and the mean molecular
weight of the mediunu = 0.6. Therefore, for a Mach number of
M = 1.7+ 0.3 the shock velocity i = Mcs = 1900400 km s'L.

4.4 SE sector: cold front & bow shock

The projected and deprojected radial profiles in tempesaten-
sity and electron pressure for the SE sector in front of thelsister
core are shown in Fi§._11. The assumption of spherical symymet
applied bypspbePRoOJwas considered to be reasonable as the clus-
ter appears approximately circular on the sky within thid@eand

the radial bins traced the surface brightness contours[@Fig he
metallicity was poorly constrained in the spectral fits andvas
fixed to an average value of4¥ in this sector.

The subcluster core, analysed by the innermost radial biw, ¢
tains the lowest temperature,42- 0.1 keV, and highest density
gas,ne = 0.0130+ 0.0001 cnt3, in the cluster. The radiative cool-
ing time of the gag.oo Was derived from the temperatufeand
densityne

5 nkgT

teool = é m (3)

where/\(T) is the cooling functionn is the total number density of
gas particles andy is the number density of hydrogen. In the sub-
cluster core the radiative gas cooling time drops .®+30.2 Gyr.
Therefore it is likely to be a cool core remnant that is beiamr
pressure stripped in the merger.

The temperature of the gas increases rapidly in front of the
subcluster core by a factor of@l'3-7. This jump coincides with the
surface brightness edge at 18 arcsec visible in[Fig. 5 andgidr
the electron density by a factor of:ﬁgii. The electron pressure
is therefore approximately constant across this surfaicghtimess
edge. This edge is a cold front or contact discontinuity,ilsinto
that found at the leading edge of the bullet in the Bullet tdus
(Markevitch et all 2002) and in other clusters such as Abbii2
(Markevitch et all. 2000) and Abell 3667 (Vikhlinin et al. 21)0

The gas properties at the outer edge at 55 arcsec radius were
more difficult to extract. The sharp drop in the cluster stafa
brightness necessitated a large outermost radial bin,hathiere-
fore did not allow constraints on the properties close toetige.
There is a very sharp drop in the electron pressure by a faftor
182! at 55 arcsec corresponding to a decrease by factor$f 3
o> in temperature and density respectively. However, the
Hugoniot jump conditions (€g. 1) give a maximum-pos
sible density contrast across adiabatic shocks in a monatgas
of a factor of four. This limit arises because as the streoftie
shock is increased to higher Mach numbers the high therreal pr
sure building behind the shock limits the compression ofpibet-
shock gas. The large radial bins @Q.1 arcsec and 98342 arcsec)
used for this analysis do not closely probe the gas propeatieoss
the shock edge. The underlying decline in the cluster depsi-
file, which is significant in such a large radial region, idinted in
the calculation of the density change at the shock. Thisyaresian
overestimate of the density jump.

We have therefore also calculated the density jump by de-
projecting the surface brightness profile across the sHeigk[12
shows the drop in surface brightness across the shock edge at
55 arcsec radius corresponds to a drop in the gas density ligla m
lower factor ofpp/p; = 2.440.7. Using equatiohl1, the Mach num-
ber of the SE bow shock is therefdve= 2.2+ 0.8. For a preshock
temperature of ijﬁ keV, which gives a sound speed of =
10007239km s™1, the shock velocity isv = 220073930 km s2.
The subcluster is at a projected distance of roughly 380 ko f
the centre of the main cluster and, if we assume that the sstiec!
moves at the shock velocity (but see Springel & Farrar 20019,
implies that the subcluster passed through the centre afntéia
cluster approximately.Q — 0.3 Gyr ago.

(© 0000 RAS, MNRASD0O, 000—-000
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Figure 11. SE sector projected and deprojected radial temperatupe(up
electron density (centre) and electron pressure (lowerfjles centred on
the AGN. The metallicity was fixed to.4Z.,. The projected electron pres-
sure was calculated using the projected temperatures gndjeeted elec-
tron densities. The projected data points are slightlyedffsthe x-direction
for clarity.

5 DISCUSSION

By analysing the temperature and density of the gas on esitler
of the surface brightness edges, we have determined thatetge
ing cluster Abell 2146 contains two shock fronts: a bow shiock
front of the subcluster wittM = 2.2+ 0.8 and a slower upstream
shock behind the main cluster witd = 1.7 + 0.3. We estimate
that the subcluster passed through the centre of the masteclap-
proximately 01— 0.3 Gyr ago and is being ram pressure stripped
of its material. The sharpness of the observed surface thegh
edges (Fid.b) suggests that Abell 2146 is oriented clodeetplane
of the sky. However, a measurement of the line of sight vakxi
for the subcluster and the main cluster galaxies using aljmec-
troscopy, combined with the Mach numbers, will give a quatitie
constraint on the inclination of the merger axis.

Although Abell 2146 is a smaller system with a much lower
global temperature, it appears remarkably similar in stmecto the
Bullet cluster |((Markevitch et al. 2002; Markevitch 2006 hdsk
fronts are so rarely detected because the merger must bevetbse

(© 0000 RAS, MNRASDOQ, 000-000
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Figure 12. Upper: Surface brightness profile in the energy range 0.3—
7.0 keV for the SE shock. Centre: deprojected surface bragst profile
Lower: deprojected electron density profile with bestfitea on either side

of the shock edge. The dotted line marks a possible dendiigreement in
the stagnation region in front of the subcluster.

before the shock has moved to the outer, low surface brightree
gions of the cluster and with a merger axis close to the pléiteeo
sky so that projection effects do not conceal the surfagghbress
edges. It is therefore unsurprising that Abell 2146 appsiangar

to the Bullet cluster and is observed at a comparable tinoesiare
passage of the subcluster (both aroun@.2 Gyr).

By choosing the brightest clusters to observe we will also
preferentially select merging clusters in this short winduf core
passage. Merging clusters undergo a dramatic increasearmin lu
nosity and temperature as the cores collide, pushing thetheip
Ly — T relation (Ricker & Sarazin 2001; Ritchie & Thomas 2002;
Markevitch 2006). This boost is caused by the compressidheof
cluster cores during the merger and can be up to a factor of 10
for the luminosity in a head-on collision between two equakm
clusters. Statistically more likely collisions betweensters with
higher mass ratios of 3:1 and 8:1 and low impact parametess (|
than a few core radii) will still produce an increase in lupgn
ity by a factor of ~ 4 and ~ 2, respectively|(Ricker & Sarazin
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2001;| Ritchie & Thomas 2002; Poole et al. 2007). Howeves thi
strong variation is relatively short-lived and disappeafter ap-
proximately one sound crossing time. For a typical cookadus-
ter, with a core radius of 100 kpc and temperature 3 keV, thado
crossing time is only @ Gyr.

5.1 Mass ratio of the merging clusters

The key morphological difference between Abell 2146 and3thie
let cluster is the clear detection of an upstream shock. Atream
shock is generated as the gravitational potential minimuro-fl
tuates rapidly during core passage (see_ed. Roettiger/&9al;
Gomez et al. 2002). The gravitational potential reachesxéreme
minimum as the two cluster cores coalesce. This causes #i-sign
cant amount of the outer cluster gas to flow inwards. The sigbeit
then exits the main core and the gravitational potentialdhape-
turns to its premerger level, which expels much of the newdyed
gas. The gas that is expelled in the upstream direction thkides
with the residual infall from the subcluster and forms a $hop-
agating in the opposite direction to the subcluster.

For a higher mass ratio merger, such as the Bullet cluster
(10:1;Clowe et dl. 2004; Bradac etlal. 2006; Clowe &t al830he
perturbation to the gravitational potential caused by tleeger is
smaller relative to the total potential and shorter in doratThe
outer gas layers have less time to respond to the changevitagra
tional potential, which reduces the infall and strengthhaf sub-
sequent outflow, producing only a weak upstream shock. In ad-
dition, there is relatively little residual infall from theake of
the small subcluster. Simulations of cluster mergers ovemage
of mass ratios have shown that the more dramatic variation in
the gravitational potential during lower mass ratio mesg@ess
than 8:1{ Roettiger et al. 1997) produces a stronger upststack
(Roettiger et &l. 1997; Ricker & Sarazin 2001; Poole &t aD&)0

The comparable strength of the bow and upstream shocks in
Abell 2146 suggests that this mass ratio could be lower than 4
Closer to an equal mass ratio is unlikely because the peztlict
peak Mach number at core passage will then drop below the ob-
servedM ~ 2. We therefore argue that the subcluster and main
cluster components of Abell 2146 are likely to have a made rat
of 3 or 4:1. New Subaru Suprime-Cam observations of thigetus
(PI Gandhi) will allow a more quantitative analysis of thessa

5.2 Subcluster structure

As the subcluster passed through the core of the main clutster

off axis merger will also produce an asymmetrical distritntof
swept up and stripped gas (Poole et al. 2006).

The bow shock visible in front of the subcluster core formed
when the subcluster’s infall velocity exceeded the sourekdpn
the ambient cluster gass = 1000 35°km s™1. In principle, the
Mach cone angle should be directly related to the Mach num-
ber of the shock. However, as has been found for Bullet aluste
(Markevitch et all 2002; Markevitch & Vikhlinin _2007), theuls-
cluster is shrinking over time and decelerating in the dediinal
potential of the main cluster. Therefore, in practice thiechuster
cannot be approximated as a solid body moving at constaotvel
ity. ISpringel & Farrar|(2007) also found in their simulatsoof the
Bullet cluster that the opening angle of the Mach cone washmuc
wider than expected and cannot be easily used to indepédndent
termine the shock strength. For Abell 2146, we can only exgm
the Mach cone angle from the narrow section of the bow shauk th
is easily discernable but it is clear that it is much broatientthe
@ = 30° expected for M ~ 2 shock (Fig[lL).

We might also expect that the stand-off distance between the
bow shock and the subcluster is related to the Mach number, ac
cording to the approximate relation lof Moeckel (1@1®ee also
Vikhlinin et al||2001). This analysis requires measuremearftthe
geometry of the projectile, which was particularly diffictd de-
termine for the subcluster gas cloud. We estimated thevtidti
of the subcluster core to be 35 kpc, which forM = 2.2+ 0.8
gives a predicted stand-off distance between the shockhaerslib-
cluster ofd ~ 20— 40 kpc. The observed distance is approximately
140 kpc. A similar result can be obtained for the Bullet cdust
The assumptions of a uniform preshock medium, constantivelo
ties and a solid projectile are clearly not applicable fas#gmerg-
ing subclusters.

Behind the subcluster, the ambient cluster gas that wasgush
aside during its passage will fall back and produce tail kbhdeg.
Roettiger et dl. 1997; Poole etlal. 2006). Eig. 9 shows a droen-
sity by a factor of 191+ 0.07 at the approximate position of the tail
end ¢~ 50 arcsec NW from the AGN). If this feature were a shock
we would expect a corresponding jump in the temperature by a
factor of 166+ 0.07. Despite the uncertainties in the temperature
values (sectiofi 413) such a large decrease appears uniity-
natively, this feature could be a cold front separating tbeler,
ram pressure stripped material from the subcluster whisloisly
falling back into the hotter main cluster gas. Although ¢hisra de-
crease in the electron pressure across the front, the laggtain-
ties in the temperature value reduce the significance ofditup.

A longerChandra observation providing a more accurate measure-
ment of the temperature could resolve this issue and allaw co

leading edge was compressed and swept back as the strorig grav Straints on the ICM transport processes across the shodksodh

tational potential stripped away the gas. The local gas wabked
aside during core passage producing an elongation of theistais
bution perpendicular to the merger axis. For high mass ratiny-

fronts (egl Markevitch 2006; Markevitch & Vikhlinin 2007).
The subcluster will also generate strong turbulence indtisay
Figs[1 andP show complex structures in the ram pressuppstti

ers, a ring of compressed gas forms when the small subclustermaterial of the subcluster tail. The temperature map alggests

passes through the primary core (Roettiger &t al.|1997 :eR=id|.
2006). This can be clearly seen as a bar-like structure inlser-
vations of the Bullet cluster (Markevit¢h 2006). Figk. 3 Bhshow
an extended spur of cool gas at 7 keV to the SW of the subclus-
ter tail. This is likely to be stripped material from the slitster and
swept up gas from the main cluster. However, there does peieap
to be a symmetric feature to the NE of the subcluster tatpaigh
there is a suggestion of a smaller spur to the NE in[Hig. 3. Bimu
tions suggest that elongation perpendicular to the mesgemaay
be less evident in lower mass ratio mergers where the coees ar
similar sizes|(Roettiger etdl. 1997; Poole et al. 2006). ighsly

there could be substructures and smaller shocks insidaith&he
ram pressure stripped tail is considerably warmer &keV) than
the subcluster core where it originated9* 0.1 keV). This level
of heating appears to be consistent with the results for thteB8
cluster where the subcluster core gas-a2 keV is stripped and
forms a tail of gas heated to-710 keV [Markevitch et al. 2002;
Million & Allen! 2009). Along the surface of the bullet, Kelwi
Helmholtz and Rayleigh-Taylor instabilities are expectedde-

2 Available af http://naca.central.cranfield.ac.uk/répd®49/naca-tn-1921.gdf
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Figure 13. Emission measure per unit area map (units_erarcsec?).
The emission measure is tkePECnormalization of theMEKAL spectrum
K = El/(4 x 1011D3 (1+2)?), where El is the emission integréll =
JnenpaV.

velop and break up the subcluster, as has been observed Ih Abe
520 [Markevitch et al. 2005). The timescale for the destoacof
the subcluster will also likely be influenced by magneticdel
which stabilize against these instabilities (eg. Jones €t396;
Vikhlinin et all[2001). Fig['IB shows an emission measure ofap
the cluster produced with the Contour binning algorithntisa
[4.T) but with a lower signal-to-noise ratio of 15 giving letspa-
tial resolution at the expense of larger errors1(5%). The absorp-
tion parameter was fixed to the Galactic value and the abwedan
was fixed to 4 Z;, for the spectral fitting. The finer spatial binning
in Fig.[I3 hints at possible substructure in the subclustiébut a
deeperChandra observation is required to significantly detect any
structure.

5.3 Location of the brightest cluster galaxy

In a merger event, the galaxies are effectively collisisslgarticles
and therefore, along with the dark matter component, lead<th
ray gas on exiting the main cluster core. The X-ray gas is atbw
as a result of the ram pressure from the interacting clustersc
This is clearly observed in the Bullet cluster (eg. Clowel £2@06).
However, Fig[R2 shows that while there are many galaxiesngad
the X-ray subcluster core in Abell 2146, the BCG is locatethian
diately behind the X-ray peak.
Observations of the merging cluster Abell 168 also found
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Mathis et all 2005; Ascasibar & Markeviich 2006). The cD ggla
which should trace the local gravitational potential, vtien ap-
pear behind the subcluster’s cool core. However, this sspms a
late stage of the merger where the subcluster has reachegubits
entre. For Abell 2146, this would occur 1 Gyr (based on a mass
ratio of 3:1,/Poole et al. 2006) after the subcluster padzesigh
the main cluster core and is therefore inconsistent withette
mated 01 — 0.3 Gyr for the age of the merger. Although it was
difficult to determine the location of the main cluster camnf the
existing observations, the prominence of the two shocksthed
undisrupted subcluster core provides strong evidencenstgtiiis
being a late stage merger. Unambiguous detections of shoatsf
are so rare because they can only be seen in the early stages of
merger, before the shock front has propagated to the lovacirf
brightness outskirts of the cluster (Markevitch & Vikhlin2007).

The HST observation of Abell 2146 (contours shown in Eig. 2;
Sand et al. 2005) shows that the BCG has a large halo of emjssio
which is extended along the merger axis and clearly traceXth
ray emission in the subcluster. The large diffuse enveldpthe
BCG may therefore be interacting with the surrounding X-gag.
The BCG does not obviously appear to be disrupted by the merge
event so it remains unclear why it is located in the wake of the
subcluster cool core.

In an imaging survey with th&pitzer Space Telescope of 62
BCGs with optical line emission located in the cores of X-hay
minous clusterd, Quillen etial. (2008) found that Abell 216
a high IR luminosity and the second highest rate of star ferma
tion in the sample at 192Myr—1.|0’Dea et al. [(2008) found a
correlation between the mass deposition rates estimabed X-
ray observations of the sample and the IR star formatiorsyate
where the star formation rate4s1/10 of the mass deposition rate.
This suggests that the cooling ICM is the source of the gats tha
is forming stars (see also Johnstone et al. 1987; McNamala et
2004 Hicks & Mushotzky 200%; Rafferty etlal. 2006; Salonhale
2006). However, in Abell 2146, the high star formation rafe o
192M, yr~1 is ~ 5 times greater than our estimated mass depo-
sition rate of 40t 10M, yr—1. This high rate of star formation in
the BCG could have been triggered by the cluster merger asd th
will be explored in a future paper.

5.4 Limits on diffuse radio emission

The connection between cluster mergers and the presendé of d
fuse, steep spectrum radio sources has been extensivestiinv
gated |[(Tribble 1993; Roettiger et al. 1999; Brunetti et 80%) so
we have searched the radio survey data around Abell 2146-to de
termine a limit to any diffuse emission. Unfortunately, At#146
is just below the X-ray luminosity limit set by Venturi et 2007
for their 610 MHz GMRT survey so no targetted radio imaging
at frequencies below 5 GHz exists. However, if we take the ob-
served upper bound for radio halo power from Brunetti £t @0%P
for a cluster with the X-ray luminosity of Abell 21464 gnz ~
10749 W Hz~1) we would expect a halo or relic that is weaker than
~ 6 mJy at 14 GHz.

Inspecting the VLSS 74 MHz, WENSS 327 MHz and NVSS

that the subcluster cD galaxy lagged behind the cool gas peak1.4 GHz survey data and archival VLA databases, we find two un-

(Hallman & Markevitch| 2004). As the subcluster passes tiinou

resolved sources detected in WENSS, NVSS and 5 GHz VLA im-

the core of the primary, ram pressure pushes back the gas fromages. One is coincident with the BCG and is detected &85

the gravitational potential. Then as the subcluster ertkersuter,

0.6 mJy at 14 GHz with a spectral index of -0.43. The other is

less dense cluster gas, the ram pressure drops rapidly &nd th associated with a probable cluster member that i 40.3 mJy

cool gas core rebounds and overshoots the subcluster darérma
peak in a ‘ram pressure slingshat’ (Hallman & Markevitch 200

(© 0000 RAS, MNRASDOQ, 000-000

at 14 GHz with a spectral index of -0.48. These two sources are
blended in WENSS catalog but the total flux density is consis-
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tent with the sum of the two point source components. Inspect
ing the noise in these maps we calculate fBix density limits of

< 660 mJy,< 21 mJy and< 2.5 mJy at 74, 327 and 1420 MHz
respectively for any diffuse emission on scales ef 2.5 arcmin.
Therefore, a radio halo a factor of around two below that etquke
from other comparable systems is consistent with the ctioteser-
vations irrespective of the spectral index. A deep eVLA or &M
observation is required to improve on this limit.

6 CONCLUSIONS

The Chandra observation of Abell 2146 has revealed a merg-
ing system where a ram pressure stripped subcluster hastlsece

passed through and disrupted the primary cluster core. From

the X-ray temperature and surface brightness maps, we faund
bow shock propagating in front of the cool-23 keV subclus-
ter and calculated a Mach numbkr = 2.2+ 0.8 from the den-
sity jump across the shock. The subcluster velocity is fhese
v=2200"335°km s~ and we estimated that the subcluster passed
through the main cluster coreld- 0.3 Gyr ago. In addition, there
is a factor of 1Q§ drop in the electron pressure in the outskirts
of the main cluster indicating the presence dfla= 1.7+ 0.3 up-
stream shock. There are potentially further shocks anddafomht

in the gas tail behind the subcluster but these features cmilbe
confirmed with the existing data.

Although Abell 2146 is a smaller and cooler system than the
Bullet cluster, it appears similar in structure and to be edapa-
rable merger epoch of 0.2 Gyr since core passage. This can be
understood as a selection effect: shock fronts can only tectbel
at this early stage in the merger evolution before they hawp-p
agated to the outer, low surface brightness regions of tinsteal

The merger axis must also be close to the plane of the sky o tha

projection effects do not conceal the surface brightnege®d
Based on the measured shock Mach numbeks ef2 and the
strength of the upstream shock, we estimate a mass rati@bstw
the two merging clusters of around 3 or 4:1. Forthcoming 8uba
observations of Abell 2146 will allow a more quantitativeabysis
of the mass distribution between the two clusters. We coetptre
Chandra observation with an archival HST observation and found
that while there is a group of galaxies located in front of Xamy
subcluster core, the brightest cluster galaxy is locatadediately
behind the X-ray peak. A future weak lensing analysis calipligh
galaxy velocities along the line of sight from optical spestopy
could help to explain the galaxy cluster dynamics.
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