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A B S T R A C T 

The cluster of galaxies Abell 2146 is undergoing a major merger and is an ideal cluster to study intracluster medium (ICM) 
physics, as it has a simple geometry with the merger axis in the plane of the sky, its distance allows us to resolve features 
across the rele v ant scales and its temperature lies within Chandra ’s sensitivity. Gas from the cool core of the subcluster has been 

partially stripped into a tail of gas, which gives a unique opportunity to look at the survi v al of such gas and determine the rate 
of conduction in the ICM. We use deep 2.4-Ms Chandra observations of Abell 2146 to produce a high spatial resolution map of 
the temperature structure along a plume in the ram-pressure stripped tail, described by a partial cone, which is distinguishable 
from the hot ambient gas. Previous studies of conduction in the ICM typically rely on estimates of the survi v al time for key 

structures, such as cold fronts. Here we use detailed hydrodynamical simulations of Abell 2146 to determine the flow velocities 
along the stripped plume and measure the time-scale of the temperature increase along its length. We find that conduction must 
be highly suppressed by multiple orders of magnitude compared to the Spitzer rate, as the energy used is about 1 per cent of the 
energy available. We discuss magnetic draping around the core as a possible mechanism for suppressing conduction. 

Key words: conduction – galaxies: clusters: individual: Abell 2146 – galaxies: clusters: intergalactic medium – galaxies: mag- 
netic fields – X-rays: galaxies: clusters. 
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 I N T RO D U C T I O N  

lusters of galaxies are the most massive gravitationally collapsed 
bjects and their mergers are the most energetic events in the Universe 
ince the big bang. Mergers dissipate as much as 10 64 erg of kinetic
nergy via shocks, turbulence, and reacceleration of relativistic 
articles (e.g. Feretti 2002 ; Sarazin 2002 ). Galaxy clusters are made
p of hundreds to thousands of galaxies, dark matter, and hot X-ray-
mitting gas called the intracluster medium (ICM). During a merger 
etween two clusters, the gas in their ICM collides and is shocked,
eated and compressed. Cold fronts, very sharp curved surfaces in 
hree-dimensions characterized by an abrupt inverse jump in density 
nd temperature, can also be created (for a re vie w on cluster mergers,
 E-mail: ar999@cam.ac.uk 

a  

i  

p  

The Author(s) 2023. 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
hock, and cold fronts, see Markevitch & Vikhlinin 2007 ). Merger
old fronts are discontinuities between cool regions of gas moving 
t subsonic or trans-sonic speed through another hotter region (e.g. 
arkevitch et al. 2000 ). 
Abell 2146 (A2146 hereafter) is the merger of two clusters (Russell 

t al. 2010 , 2012 , 2022 ), with the merger axis close to the plane of
he sky (13 ◦–19 ◦; Canning et al. 2012 ; White et al. 2015 ). With two
lear shock fronts and the post-shock temperatures measurable with 
handra , it is the ideal cluster to study ICM physics. Both clusters

n this merger were previously cool core clusters (Chadayammuri 
t al. 2022a ), which are clusters that exhibit highly peaked central X-
ay brightness distributions and short central radiative cooling times. 
he remnant of the core of the primary cluster can be observed as
 plume in the cluster, while the subcluster’s cool core is partially
ntact. The ∼2-keV gas of the subcluster core has been partially ram-
ressure stripped from the core and forms a tail of gas that increases
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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n temperature with distance, up to ∼8 keV. Looking at the survi v al
f such gas and how it is heated as it gets farther from the core allows
or a detailed study of thermal conduction. 

Thermal conduction causes heat to flo w do wn a temperature
radient, which for unmagnetized ionized gases follows the Spitzer
onductivity equation (Spitzer 1956 ). It is an obvious way in which
he cool gas from the subcluster core can be heated by the hot ambient
as to increase the temperature of the core, and o v er time destroy the
ool core. It has long been discussed theoretically in the case of gas-
ich galaxies moving through the ICM (e.g. Cowie & Songaila 1977 ).
onduction is difficult to constrain generally in clusters of galaxies
nd only a small number of studies on the subject have been possible.
ttori & Fabian ( 2000 ) carried out the first such study based on the
harp temperature discontinuities observed across the interface of
he cold fronts of Abell 2142. They found that conduction needed
o be strongly suppressed compared to the Spitzer rate, possibly
y magnetic fields and magnetic draping, a phenomenon not well
nderstood. The same conclusion was found in other similar studies
e.g. using the temperature of a filament, see Fabian et al. 2001 ; using
mall-scale structures in the temperature map, see Markevitch et al.
003 ), but all of them used approximations for the survi v al time of
he structures. 

In this paper, we use new deep-exposure Chandra data of A2146 to
btain high spatial resolution temperature measurements of the cool
ore of the infalling subcluster. This cool core is partially offset from
he brightest galaxy of the subcluster, traced by the AGN, possibly
s a result of the slingshot effect (Hallman & Markevitch 2004 ;
athis et al. 2005 ; Ascasibar & Markevitch 2006 ). The cool core is
ostly surrounded by a large, sharp temperature gradient. This steep

emperature gradient and the Spitzer conductivity dependence on the
/2 power of the temperature mean that without any suppression the
ool core would be rapidly e v aporated. 

We focus on a plume on the eastern edge of the core, which has
 clear temperature gradient along its length. A similar structure is
een in hydrodynamical simulations of A2146 and we use the gas
elocities from these simulations to determine the exposure time
f the cool gas to the surrounding hot gas. The rate of temperature
ncrease within the plume, if due to thermal conduction, yields robust
onstraints on the level of suppression. If mixing is more important,
hen we place a strong upper limit on the ef fecti ve conducti vity. 

In Section 2 , we present the new 2-Ms Chandra observations
f A2146 and the data reduction. In Section 3.1 , we present the
xposure-corrected image of A2146 and some image manipulations
o reveal more structures in the gas, while the results on the
emperature maps and the study of conduction using the simulation
re presented in Section 3 . The implications of the results are
iscussed in Section 4 and the summary is presented in Section 5 .
etailed analysis of the shock fronts is done in Russell et al. ( 2022 ),
hile this work focuses on the subcluster core. We adopt a � CDM

osmology with H 0 = 69.6 km s −1 Mpc −1 , �M 

= 0 . 286, and �� 

=
.714 (Bennett et al. 2014 ) throughout this paper. The redshift of
2146 is z = 0.234 (1 arcsec = 3.753 kpc; Struble & Rood 1999 ;
 ̈ohringer et al. 2000 ). All errors are 1 σ (68.3 per cent) unless
therwise noted. 

 OBSERVATION S  

e w Chandra observ ations of A2146 were obtained between June
018 and August 2019 with the A CIS-I detector , and have an
xposure time of 1.93 Ms over 67 observations (PI: Russell). These
ere combined with the existing ACIS-I observations taken in 2010

Russell et al. 2012 ), totalling an exposure time of 2.31 Ms and
NRAS 526, 6205–6213 (2023) 
5 observations (see Russell et al. 2022 for the technical details of
he observations). Data reduction was done following the standard
rocedure using CIAO v4.13 and CALDB v4.9.4 (Fruscione et al. 2006 ),
ith the latest calibration measurements and updates to the ACIS

ontaminant model, which were crucial for this project (see Russell
t al. 2022 for a study on the calibration of the ACIS gain). It was
oncluded that the calibration with those versions were sufficient for
ur analysis. After reprocessing the datasets with CHANDRA REPRO ,
e applied the impro v ed background screening provided by VFAINT
ode. Background light curves were extracted from the diagonally

pposite ACIS-I CCD and filtered using the LC CLEAN routine to
dentify and remo v e periods affected by flares. Only two observations
ad significant flares (ObsIDs 20 921 and 21674), and therefore the
esulting exposure time is 2.3 Ms 

We corrected the absolute astrometry of each observation by cross-
atching point sources to the ones in ObsID 21733. The event files
ere also reprojected to match the position of this ObsID as it was

easonably deep and had no calibration issues. For each observation,
xposure maps were then created using energy weights determined
rom an APEC model using a redshift of 0.234, a metallicity of
.319 ± 0.006 Z � (relative to solar abundances defined by Anders &
revesse 1989 for comparison with past cluster’s studies), at the
lobal cluster temperature of 6.67 ± 0.03 keV and with the absorption
xed at the Galactic value, n H = 3.0 × 10 20 cm 

−2 (Kalberla
t al. 2005 ). Blank sky backgrounds from ACIS were generated
or each observation. Each of them was reprocessed, reprojected
o the corresponding sky position using the aspect solution of the
bservation, and normalized to match the count rate in the 9.5–
2 keV energy band. The accuracy of those blank sky background
les was verified by extracting a spectrum from an on-chip region
ithout cluster emission. By comparing both spectra and doing this

or multiple observations, it was found that they matched sufficiently
o use the ACIS blank sky background for our analysis. 

 RESULTS  

.1 Image analysis 

.1.1 X-ray ima g e 

he exposure-corrected image in the 0.5–7 keV energy band, com-
ining all 75 observations, can be seen in Fig. 1 . It represents a merger
etween a smaller cluster, identified with the remnant subcluster core,
he brightest region in the cluster, and the primary cluster, which was
trongly disrupted during the merger (Russell et al. 2010 , 2012 ). The
right region behind the northern shock (upstream shock) consists
f shocked gas that fell in from the w ak e of the smaller subcluster.
he plume on the west side of the subcluster core is the remnant of

he primary cluster’s cool core (see also Russell et al. 2022 ) that was
ushed there during the merger. With hydrodynamical simulations,
hadayammuri et al. ( 2022a ) found that it is an off-axis merger, with

he two cluster cores passing within ∼100 kpc of one another at clos-
st approach, explaining the lack of symmetry about the merger axis.

The two shock fronts are at opposite sides of the cluster. The
ow shock to the south is formed when the subcluster infall velocity
xceeds the sound speed in the ICM. On the other hand, the upstream
hock is created when gas from the subcluster falling in from
he w ak e of its core runs into gas that has been stripped from it
e.g. Roettiger, Loken & Burns 1997 ; G ́omez et al. 2002 ). The

ach numbers of the bow and upstream shocks are respectively
 = 2.44 ± 0.17 and 1.58 ± 0.05 (Russell et al. 2022 ). Combining

his with galaxy distribution (Canning et al. 2012 ; White et al. 2015 )
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Figure 1. Exposure-corrected X-ray image of Abell 2146 in the broad 
energy band (0.5–7 keV, surface brightness in counts cm 

−2 s −1 pixel −1 ). 
We highlighted some of the interesting features. The north direction is up and 
the east direction is towards the left. 
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nd hydrodynamical simulations, it was found that the subcluster 
assed through the primary cluster ∼0.3–0.5 Gyr ago and the mass
atio between the two clusters is 3: 1 (Chadayammuri et al. 2022a ).

e refer the reader to Russell et al. ( 2022 ) for a detailed analysis of
he shock fronts and the transport processes around them. 

The remnant core of the subcluster has survived passage through 
he core of the main cluster. Ho we ver, some gas from the subcluster
ore has been stripped away by ram-pressure, forming a wide tail of
as extending over 200 kpc to the north-west. We use gas stripping
s a general term for ram-pressure pushing on the leading edge 
f the subcluster core and continuous stripping around the sides, 
ncluding by Kelvin–Helmholtz instabilities (see e.g. Roediger et al. 
015 ). The direction of the stripped tail indicates that the subcluster
ore is currently travelling to the south-east. This gas flow mimics 
he one around a solid body and is captured by the simulations
igure 2. Images on the same scale centred on the subcluster core of A2146. Left-h
and (0.5–1.2 keV, surface brightness in counts cm 

−2 s −1 pixel −1 ) zoomed on the 
anel: Hubble Space Telescope F606W optical band image showing the subcluster 
n the optical image: from 2.5 × 10 −8 to 2.5 × 10 −7 counts cm 

−2 s −1 pixel −1 . Th
e highlighted the BCG of the subcluster core. For all panels, the north direction i
Chadayammuri et al. 2022a ). Finally, there is a cold front at the
outh-west part of the subcluster core. 

.1.2 Cool core structure and optical ima g e 

n the left-hand panel of Fig. 2 , there is a zoom on the subcluster
ore at soft energy bands (0.5–1.2 keV), where we can see a break-up
f the gas from the core on its east edge in contrast to the narrow
outh-west edge. The south-west side of the core has a sharp edge
hat extends for ∼150 kpc whilst the north-east side has no clear
dge and is instead breaking up into a plume or stream of cool gas
lobs (see e.g. Russell et al. 2012 ). This contrast is likely due to the
ff-axis nature of the merger and corresponding asymmetries in the 
agnetic field structure and suppression of turbulent instabilities (see 
hadayammuri et al. 2022b ). Although we cannot be certain of the
D-geometry , for simplicity , we refer to this stripped structure on the
orth-east edge of the core as a plume and assume a conical shape. In
ig. 2 , we highlight this structure along with the subcluster core and

ts BCG hosting an actively accreting AGN. This plume lies on the
uter edge of the tail, therefore projection effects are minimized, and
 comparable structure is visible in the hydrodynamical simulations. 
his structure is therefore the focus of this paper as a probe of thermal
onduction. 

In the right-hand panel of Fig. 2 , we present the optical image of
2146 from the Hubble Space Telescope archive, using the F606W 

ptical band, on the same scale as the X-ray image. Using the o v erlaid
oft band X-ray contours, we can clearly see the subcluster’s BCG
n the optical image, but no galaxies are at the position of the X-ray
lume studied. Therefore, the X-ray emission is from the gas of the
ubcluster core. 

.2 Spectral analysis and temperature maps 

etailed maps of the gas temperature were created to measure 
he temperature structure of cool plumes (2–5 keV) that could be
ifferentiated from the hot ambient background. We use the Contour 
inning algorithm to extract spectra from small regions (Sanders 
MNRAS 526, 6205–6213 (2023) 

and panel: exposure-corrected X-ray image of Abell 2146 in the soft energy 
subcluster core. We highlighted some of the interesting features. Right-hand 
galaxies (King et al. 2016 ). Seven X-ray contours (in magenta) are overlaid 
e contours represent the soft band X-ray emission from the left-hand panel. 

s up and the east direction is towards the left. 
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006 ). 1 This algorithm generates spatial regions of a chosen signal-
o-noise ratio (S/N) by grouping neighbouring pixels of similar
urface brightness. The dimensions of the regions can be restricted,
nd were chosen so that the length was, at most, two and a half times
he width. We focused on the central 0.9 arcmin × 0.9 arcmin region
nd excluded the AGN. 

For each observation, a spectrum was extracted from each region
sing the DMEXTRACT tool of CIAO and combined with its response
les. We used the GRPPHA tool of HEASOFT to group each spectrum
uch that it contained a minimum of one count per spectral channel.
o have sufficient counts in spectra extracted from the ACIS
ackground event files, we used a simple blank sky background
n-axis region of 2 arcmin × 2 arcmin for each observation, instead
f a distinct blank sky background for each region. This implies
hat there is some correlation between the properties derived for
hese regions. Ho we ver, it is important to note that the background
ubtraction is not particularly significant for the bright core structure
nalysed here. We refer to Russell et al. ( 2022 ) for a detailed analysis
f the background for these data sets. 
Following this, the spectral analysis of each region was done

sing XSPEC version 12.11.0 (Arnaud 1996 ). For each region, the
pectra of all observations were fitted simultaneously o v er the
ange 0.5–7 keV with the absorbed thermal plasma emission model
HABS(APEC) (Balucinska-Church & McCammon 1992 ; Smith et al.
001 ). To use this model, we need the redshift ( z = 0.234) and the
alactic absorption along the line of sight (Kalberla et al. 2005 ,
 H = 3.0 × 10 20 atoms cm 

−2 ). Additionally, this model has three
ree parameters: the temperature (in keV), the metallicity, and the
ormalization. The metallicity of the gas is a fraction of the solar
bundance determined by Anders & Grevesse ( 1989 ) for comparison
ith previous X-ray studies of clusters. The best-fitting spectral
odel is found by minimizing the C-statistic (Cash 1979 ), used

ecause of the low count rates. 
Maps are created using the best-fitting values for each parameter

n each region. The temperature map for an a S/N of 32, and therefore
egions of ∼1000 counts, is presented in the upper right-hand panel
f Fig. 3 . The uncertainties on the temperature in the subcluster core
re on a verage 10 per cent, b ut increase to 12 per cent in the tail
nd 40 per cent in the ambient regions. This is due to the presence
f the Fe–L line in spectra at lower temperatures which facilitates
he differentiation of the temperature values. Temperatures in the
ubcluster core are around kT ∼ 2–4 keV and increase to kT ∼ 4–
 keV in the ram-pressure stripped tail, still colder than the average
CM temperature ( kT ∼ 8–10 keV). We can see colder plumes in the
am-pressure stripped tail, but most importantly, we can see a plume
f colder gas emanating from the east of the subcluster core, clearly
iscernible from the hotter ambient gas. The temperatures along the
lume are between kT ∼ 2.1–5.6 keV. This plume is highlighted by
 conic region in the panels of Fig. 3 , and is the same as the plume
hown in Fig. 2 . We created a conic re gion o v er the plume, split in 2D
n trapezoid regions, to represent a partial cone of gas surrounding
he eastern side of the core. The other plumes in the ram-pressure
tripped tail are confused by projection. 

We tested the robustness of the plume structure by creating
ultiple temperature maps with different S/N and varying constraints

n the sizes of the regions. The one presented in Fig. 3 was the one
ith the best middle-ground between small regions and acceptable
ncertainties, ho we ver, we could clearly see the plume in all of them
nd the temperature gradients were consistent. We therefore conclude
NRAS 526, 6205–6213 (2023) 

 From https:// github.com/ jeremysanders/ contbin . 

g  

t  

t

hat this plume is a distinct structure, and study thermal conduction
long it. Even if there is still contact with the main body of the
ubcluster core on the west side, conduction from the surrounding
ot gas will dominate the heating given its temperature and the strong
emperature dependence of conductivity. 

.3 Temporal evolution 

.3.1 Parameters of the model 

n this section, we will look at how quickly the temperature in the
lume would rise if the heating was only due to conduction. To study
he change in temperature along the plume, and therefore the effect
f conduction from the ambient hot gas that heats the cool gas of the
lume, we separated it into different regions. In Fig. 3 , four different
egions are overlaid in green on the X-ray image (on the upper left-
and panel), on the temperature map with regions of S/N ∼ 32 (on
he upper right-hand panel) and on the simulated temperature map
on the bottom panel), and trace the partial cone of gas. The circular
lack region represents the position of a stagnation point of the flow.
he c yan re gion represents the ambient, hot gas and is upstream of

he cool core break-up, therefore should not have been affected by
ny of the subcluster core gas. The gas temperature at this position
s kT hot = 9 . 6 + 0 . 6 

−0 . 5 keV, determined by using XSPEC to jointly fit an
bsorbed APEC plasma model to each of the 75 separate 0.5–7 keV
pectra of the observations, leaving the temperature, abundance, and
ormalization free to vary. 
The break up of the subcluster core produces irregular clumps of

ool gas that cannot be approximated as symmetrical, precluding
he use of deprojection to determine the properties of the plume’s
as (Fabian et al. 1980 ). Instead, we have used a model with two
hermal components, one to account for the properties of the cool
lume (plume APEC component) and the other for the hot ambient gas
urrounding it in 3D (ambient APEC component). For each region on
he plume, we fitted an absorbed double APEC plasma model to the
eparate 0.5–7 keV spectra of each of the 75 observations. For the
mbient APEC component, we fixed the temperature ( kT hot = 9 . 6 + 0 . 6

−0 . 5

eV), abundance ( Z hot = 0.24 ± 0.07), and normalization (norm hot =
6.7 ± 0.11) × 10 −5 XSPEC units, for the background region) using
he values found previously for the hotter gas in the cyan region. The
atter parameter was scaled by the difference in sizes of the plume
egions compared to the size of the background region. 

The normalization and temperature for each plume APEC compo-
ent were left free to vary and the abundance was set at 0.5 Z �. We
xed the abundance as it was found to be consistent for all regions.
 or all re gions, we used a redshift of z = 0.234 and an equi v alent
ydrogen column density of n H = 3.0 × 10 20 cm 

−2 . 
For each region, we also looked at the electron density, pressure,
ass and mass/kpc 2 of the gas. With the normalization found in

SPEC , and considering spherical (circle in 2D) or conical (trapezoid
n 2D) regions accordingly, we found the electron density and
herefore the gas density. From the gas density, the gas mass of each
egion could be found and therefore the mass/kpc 2 , as the masses
annot simply be compared as the regions used become larger along
he plume. A proxy for the pressure of each region was also found
y multiplying their electron density by their temperature to see the
rend of it. In Table 1 , the electron gas density of each region, their

ass per kpc 2 and the proxy for their pressure is shown. 
To estimate the required conductive heat flux from the hot ambient

as into the cool plume and the available conductive heat flux from
he ICM, we approximate the plume as a partial cone divided into
rapezoidal segments each moving at a speed v along the plume. 

https://github.com/jeremysanders/contbin
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Figure 3. Upper left-hand panel: exposure-corrected X-ray image of Abell 2146 in the 0.5–7 keV energy band (in counts cm 

−2 s −1 pixel −1 ). Upper right-hand 
panel: projected temperature map (keV). Each region has an a S/N of 32 ( ∼1000 counts per regions). The white circle represents the excluded point source 
due to the AGN. Bottom panel : simulated temperature map created following Chadayammuri et al. ( 2022a ), but with a flatter central gas density profile for the 
subcluster core. For all panels, the green trapezoid regions represent the different regions of the plume, described by a partial cone, and the black circle region 
represents the stagnation point. In the upper left-hand panel, the regions are numbered to correspond to the rows in Tables 1 and 2 . The c yan re gion represents 
the background region used for the ambient APEC component when fitting for the temperature, metallicity and norm for each re gion. F or all panels, the north 
direction is up and the east direction is towards the left, while the y -axis is in the northern direction and the x -axis in the western direction. 
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.3.2 Velocities from the simulation 

he velocities used are from the simulations of the gas flow in
2146 (see Chadayammuri et al. 2022a ). This study used a suite
f idealized hydrodynamical simulations of binary cluster mergers 
o determine the merger configuration, cluster masses, velocities, 
mpact parameter and orientation of A2146. These simulations 
onstrained the merger scenario and successfully reproduced the 
arge-scale ICM structure. In particular, the gas velocity behind 
he bow shock from Russell et al. ( 2022 ) is a key measurement
rom the X-ray observations that constrains the velocities around the 
ubcluster core, as it determines the incoming speed of the gas. In
he simulations, there is a non-zero impact parameter, meaning that 
he system has net angular momentum. Additionally, the simulation 
ncluded self-gravity of the gas and the subcluster core was initialized
MNRAS 526, 6205–6213 (2023) 
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Table 1. Conduction from the hot ambient gas. 

Regions v kT n e kT × n e m /kpc 2 q − q + q sat Ratio 

1 0 2 . 05 + 0 . 10 
−0 . 09 0 . 0350 + 0 . 0006 

−0 . 0005 0 . 072 + 0 . 004 
−0 . 003 1.216 ± 0.019 NA 348 + 5 −4 280 + 30 

−20 NA 

2 229 2 . 4 + 0 . 3 −0 . 2 0 . 0488 + 0 . 0013 
−0 . 0014 0 . 117 + 0 . 014 

−0 . 011 1.22 ± 0.03 0 . 6 + 0 . 5 −0 . 4 267 + 10 
−8 660 ± 60 459 + 385 

−304 

3 231 3.1 ± 0.2 0 . 0520 + 0 . 0010 
−0 . 0009 0 . 161 + 0 . 012 

−0 . 011 1.61 ± 0.03 1 . 4 + 0 . 7 −0 . 6 195 + 7 −6 600 + 60 
−50 143 + 73 

−62 

4 272 3 . 35 + 0 . 22 
−0 . 19 0.0410 ± 0.0006 0 . 137 + 0 . 009 

−0 . 008 1.60 ± 0.02 0 . 4 + 0 . 5 −0 . 4 149 ± 5 530 + 50 
−40 396 + 507 

−464 

5 430 5.0 ± 0.3 0.0286 ± 0.0003 0 . 144 + 0 . 009 
−0 . 008 1 . 512 + 0 . 017 

−0 . 016 2.0 ± 0.4 81 ± 5 460 ± 40 41 + 10 
−9 

Notes . Values needed to study the conduction fluxes from the hot ambient gas in the plume split into five regions, following Fig. 3 . The columns are as follows: 
(1) region number identified in the upper left-hand panel of Fig. 3 , region 1 being the most westerly region and stagnation point; (2) speed of the gas in the 
x –y plane relative to the stagnation point, in km s −1 ; (3) temperature of the gas ( kT ) from the fit in XSPEC , in keV; (4) electron gas density of each region, in 
electrons cm 

−3 ; (5) proxy for the pressure of the gas in each region ( P ∝ n e × kT ), in keV electrons cm 

−3 ; (6) mass of the gas in each region per kpc 2 , in 10 7 

M � kpc −2 ; (7) required conduction flux for a region, following equation ( 7 ), in 10 −3 erg s −1 cm 

−2 ; (8) available conduction flux from the ambient hot gas, 
following equation ( 10 ), in 10 −3 erg s −1 cm 

−2 ; (9) saturation flux, following equation ( 12 ), in 10 −3 erg s −1 cm 

−2 ; (10). ratio between the available flux and the 
required one. 
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Table 2. Relative velocities of each region from hydrodynamic simulations 
similar to the ones from Chadayammuri et al. ( 2022a ) of the gas flow in 
A2146. 

Regions v x v y v 

(km s −1 ) (km s −1 ) (km s −1 ) 

1 0 0 0 
2 154 −170 229 
3 −73.0 219 231 
4 49.8 268 272 
5 145 405 430 

The columns are as follows: (1) region number identified in the upper left- 
hand panel of Fig. 3 , region 1 being the most westerly region and stagnation 
point; (2) and (3) relative velocity in the x and y directions of the gas, relative 
to the stagnation point. The x -axis points to the west and y -axis to the north; 
(4) relative velocity of each regions in the x–y plane, relative to the velocity 
of the stagnation point at the leading edge of the simulated subcluster core. 
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ith a cool core density and temperature profile. The super-NFW
rofile ( Łokas & Mamon 2001 ) was used to model the initial dark
atter distribution of a cluster and the gas was set up in hydrostatic

quilibrium with the dark matter, as well as modeling the gas
ensity with the modified beta profile of Vikhlinin et al. ( 2006 ).
o we ver, it does not include dark matter or gas to represent a BCG

n either subcluster. Indeed, the goal was to reproduce the large-
cale X-ray structure, thus finer details in the core were not captured.
herefore, for the purpose of our study, the simulation was modified
ith a shallower central gas density profile for the subcluster core,
hich ensured that the gas was less bound, thus more prone to
isruption, and reproduced the stripped structure. It is important
o note that the simulations of Chadayammuri et al. ( 2022a ) are
ydrodynamic simulations, i.e. they do not include magnetic fields
r thermal conduction. As a result, they are not expected to perfectly
eproduce the observations, especially in regions like cold fronts
here magnetic draping and thermal conduction are expected to be

mportant. Nevertheless, the subcluster core with the ram-pressure
tripped gas behind it is resolved and we see plumes forming on both
ides of the subcluster core, as in the observations. 

The inclusion of a magnetic draping layer would not necessarily
nhibit gas stripping (e.g. Ruszkowski et al. 2014 ) but it may alter
he gas velocities along the plume. Our results are robust to modest
ariations in the gas velocities and we place strong constraints on
onduction even up to the maximum postshock gas velocity of
100 ± 100 km s −1 . The velocities of the gas in the eastern plume
f the simulated subcluster provide a clear impro v ement o v er the
aximum velocity for our analysis. The temperature map of this

ersion of the simulations is shown in the bottom panel of Fig. 3 . 
The trajectory of the core is slightly different in the observations

nd Chadayammuri et al. ( 2022a ) simulations, hence we used the
tagnation point at the leading edge of the subcluster core in the
bservations and the simulations as a point of reference, as well
s the flow direction of the ram-pressure stripped core to align the
imulations. This is what is represented in Fig. 3 . The stagnation
oint was also used to place the regions on the simulations. 
The values of the velocity v are relative to the velocity of the

tagnation point at the leading edge of the simulated subcluster core
 v stagnation( x , y ) = (1319, 395) km s −1 ). This way, the frame of reference
s taken into consideration when simulating the relative velocity of
he plume (see Table 2 for the relative velocity values of each region in
ach direction, the x -axis pointing to the west and y -axis to the north).
ote that v z is negligible in this case because the merger axis is close

o the plane of the sky and thus we are only using the x –y plane for
he relativ e v elocity v ector. Indeed, the hydrodynamical simulations
f A2146 show that there is only minimal differences between
NRAS 526, 6205–6213 (2023) 
emperature profiles for inclination angles of < 20 ◦ (Chadayammuri
t al. 2022a ). The velocities in Table 2 are simply the mean of the gas
elocities in each region, sampled along a uniform grid of resolution
.4 kpc. The uncertainties in the x -axis from that spread are between
.8 and 8.5 per cent. 

.3.3 Constraints on conduction 

o derive the limits on the role of conduction, we treat the plume
s a cone, represented in two-dimension by the trapezoids shown
n Fig. 3 and suppose that the temperature increase of the plume
s entirely due to conduction from the hotter surrounding plasma.

e assume that the gas of the core is flowing along the plume as
f it was flowing through a pipe. If we focus on a parcel of gas of
ength l i and radius r i going through the flow, the relevant energy
quation (ignoring radiative losses) is given by 

1 

K 

D K 

D t 
= − ( γ − 1) 

P 

∇ · q −, (1) 

here K = P / ργ is the entropy index with ln ( K ) being proportional
o the entropy of the gas, ρ is the gas density, D / D t is the usual
onv ectiv e derivativ e, P is the gas pressure, q − is the conductive heat
ux, and γ is the ratio of the specific heat capacities (taken to be γ =
/3 for this fully ionized plasma). As P ∝ ρT for ideal gas, where
 is the temperature of the gas, 1/ ργ ∝ ( T / P ) γ , and, therefore, K =
 / ργ ∝ P 

1 − γ T 

γ . Thus, 

1 

K 

D K 

D t 
= 

D 

D t 
( ln K) = 

(1 − γ ) 

P 

D P 

D t 
+ 

γ

T 

D T 

D t 
. (2) 
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In Table 1 , we see that the pressure remains fairly constant along
he plume, and therefore we can approximate that D P / D t = 0. The
emperature indeed doubles from region 2 to region 5, while there is
nly an increase of 20 per cent of the pressure between those regions.
ence, ignoring pressure changes, we have 

1 

K 

D K 

D t 
= 

γ

T 

D T 

D t 
= − ( γ − 1) 

P 

∇ · q −. (3) 

As P = n tot kT , with kT the temperature and n tot the total particle
umber density, 

n tot k 
D T 

D t 
= −( γ − 1) ∇ · q −. (4) 

As we are looking at the change in temperature that happens 
etween a small increment of time � t , we can approximate this
quation to 

n tot k 
�T 

�t 
= −( γ − 1) ∇ · q −, (5) 

here we have replaced the deri v ati ve with the ratio of finite changes.
e can integrate over the volume ( V ) of a parcel, which gives us 

γ

γ − 1 
V n tot k 

�T 

�t 
= A surface q 

−, (6) 

here A surface is the surface area of the plume. Based on the chemical
omposition of the ICM (hydrogen, helium and a small fraction of
etals) and the solar abundance of each element, we approximate 
 tot = 1.92 n e , the electron number density. For each segment i of the
one, n e, i is its electron density (in cm 

−3 ), kT i its temperature (in
eV), and V i and A surface, i are its volume (in cm 

3 ) and surface area
in cm 

2 ) respectively. The time it takes for gas to travel from one end
f a segment to the other is � t = l i / v i , where v i is the velocity of the
as in that segment. Therefore, the required conduction heat flux at 
he boundary of each segment i of the cone is 

 

−
i = 

5 

4 

V i 

A surface ,i 
1 . 92 n e ,i k�T 

v i 

l i 

= 2 . 4 n e ,i k( T i − T i−1 ) 
v i 

l i 

V i 

A surface ,i 
. (7) 

Our plume is described by a cone split in 2D in trapezoids. For
ach region, l i in Fig. 3 is the height of the trapezoid, 2 a i is the length
f its shorter base, and 2 b i is the length of its longer base. From this,
 i = ( a i + b i ) / 2 is the distance between the centre of the trapezoid
nd the ambient gas. For equation ( 7 ), we need to find the volume
nd surface area of partial cones. Subtracting a small cone of radius
 i from a bigger cone of radius b i , we obtain for the partial cones
representing the trapezoids in 3D) 

 i = 

1 

3 
πl i ( b 

2 
i + a i b i + a 2 i ) , (8) 

 surface ,i = π ( a i + b i ) 
√ 

l 2 i + ( b i − a i ) 2 . (9) 

The plume is likely a partial cone of gas just outside the eastern
ide of the cool core or a little surrounding it, therefore we use only
/8th of the surface area of the cone in our calculations. Although the
vailable conduction flux is dependent on the chosen geometry, we 
ested numerous potential geometries and only found variations of 
rder unity, therefore producing the same conclusions. We proceed 
ith the partial cone geometry as it provides a simple yet accurate
escription of the observational data. 
The available conduction flux into the side of the cone of gas

s given by (Spitzer 1956 ; Cowie & McKee 1977 ; Sarazin 1988 ;
ttori & Fabian 2000 ) 

 

+ 

i = κ
k( T h − T i ) 

r 
, (10) 

here kT h is the temperature of the hot ambient gas in the background
egion and κ is given by 

= 8 . 2 × 10 20 

(
kT h 

10 keV 

)5 / 2 

erg s −1 cm 

−1 keV 

−1 . (11) 

The uncertainty on κ is not taken into account while calculating the
ncertainty for each region on the available conduction flux, because 
his value is a constant value between regions, applied to all of them.

The heat flux will saturate to the limiting value that can be carried
y the electrons (Cowie & McKee 1977 ), and therefore this value
eeds to be computed and compared to the available conduction flux.
his saturation flux is given by 

 sat = 0 . 023 

(
kT h 

10 keV 

)3 / 2 ( n e , h 

10 −3 cm 

−3 

)
erg s −1 cm 

−2 , (12) 

here n h is the density of the hot ambient gas (in cm 

−3 ). The values
or those three conduction fluxes for each region of the plume can
e found in Table 1 . This table also gives the relativ e v elocity,
emperature, electron density, proxy for the pressure and mass per 
pc 2 of the gas of each region, and the ratio between the available flux
nd the required one, allowing us to study the possible suppression
f conduction. 
Looking at Table 1 , we can see that the saturation flux is larger

han the available conduction flux in the ambient hot gas for every
egion, and therefore does not constrain the available flux. The heat
ux available due to conduction at the Spitzer rate would also be
rders of magnitude larger than the heat flux required to account
or the temperature rise along the plume. The slow temperature rise
herefore requires the thermal conductivity to be suppressed by at 
east two orders of magnitude below the Spitzer value, as can be seen
y the ratio between the available and required conduction heat flux.
e also clearly see that the temperatures increase along the plume,

s well as their uncertainties. Finally, the gas pressure of each region
n the plume is roughly constant along the plume, which follows
ur assumption for the conduction equations used in this section. 
o we ver, our analysis has an implicit assumption of steady flow, as

or our calculations we assume that the properties of the fluid element
ntering each region are the same as those of the element exiting the
receding region. The results are unlikely to differ by more than a fac-
or of a few, thus the conclusions are not affected. In the next section,
e will go into more detail on the significance of these results. 

 DI SCUSSI ON  

.1 Suppression of conductivity 

ollowing the earlier studies of cold fronts, filaments, and small- 
cale structures in the temperature map (e.g. Ettori & Fabian 2000 ;
abian et al. 2001 ; Markevitch et al. 2003 ), we found that the heat
ux, and therefore the thermal conduction, must be suppressed by a
actor of at least two orders of magnitude for the plume in A2146 to
xist, as the energy used is about 1 per cent of the energy available.
arlier studies were limited by the approximations used to determine 

he survi v al time of the structure (i.e. dynamical or crossing time). In
ur study, the plume is spatially resolved, and we use the result of a
etailed computer simulation tailored for A2146 (see Chadayammuri 
t al. 2022a ) to determine the velocities of the gas, which with the
ize of each adjacent segment of the plume, yields the time scale. 
MNRAS 526, 6205–6213 (2023) 
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Table 3. Conduction along the plume. 

Regions kT q − q + q + a q + a / q 
+ Ratio a q + a,ext q + a / q 

+ 
ext Ratio a , ext 

1 2 . 05 + 0 . 10 
−0 . 09 NA 348 + 5 −4 0 . 5 + 0 . 4 −0 . 3 0.15 NA 

2 2 . 4 + 0 . 3 −0 . 2 0 . 6 + 0 . 5 −0 . 4 267 + 10 
−8 1 . 6 + 0 . 8 −0 . 7 0.58 2 . 68 + 2 . 63 

−2 . 11 5 . 2 + 0 . 8 −0 . 7 7.34 8 . 9 + 7 . 6 −6 . 0 

3 3.1 ± 0.2 1 . 4 + 0 . 7 −0 . 6 195 + 7 −6 0 . 5 + 0 . 7 −0 . 6 0.27 0 . 39 + 0 . 54 
−0 . 49 

4 3 . 35 + 0 . 22 
−0 . 19 0 . 4 + 0 . 5 −0 . 4 149 ± 5 8 . 1 + 1 . 8 −1 . 6 5.42 21 . 5 + 27 . 9 

−25 . 5 

5 5.0 ± 0.3 2.0 ± 0.4 81 ± 5 NA NA NA 

Notes . Values needed to study the conduction fluxes along the plume split into five regions, following Fig. 3 . The columns are as follows: 1. region number 
identified in the upper left-hand panel of Fig. 3 , region 1 being the most westerly region and stagnation point; (2) temperature of the gas ( kT ) from the fit in 
XSPEC , in keV; (3) required conduction flux for a region, following equation ( 7 ), in 10 −3 erg s −1 cm 

−2 ; (4) available conduction flux from the ambient hot gas, 
following equation ( 10 ), in 10 −3 erg s −1 cm 

−2 ; (5) available conduction flux from the adjacent, hotter segment of the plume, following equation ( 10 ), in 10 −3 

erg s −1 cm 

−2 ; (6) fraction of the conduction along the plume versus the one from the hot gas, in percentage; (7) ratio between the available flux along the plume 
and the required one; (8), (9), and (10): same than columns (5), (6), and (7) respectively, but for the conduction fluxes from region 5 into region 2. 
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Suppression could be explained by magnetic draping around the
tructures in the ICM (e.g. Lyutikov 2006 ) due to highly tangled
agnetic fields (e.g. Chandran & Cowley 1998 ; Carilli & Taylor

002 ; Govoni & Feretti 2004 ) or to strong untangled magnetic
elds perpendicular to the change in temperature and density (e.g.
ikhlinin, Markevitch & Murray 2001 ; Asai, Fukuda & Matsumoto
005 ; Dursi & Pfrommer 2008 ), as transport processes, including
onduction, are reduced perpendicular to the direction of the mag-
etic field. When a cold front mo v es in a magnetized medium, the
ow will stretch and drape the field lines around the interface and the
eld will amplify and align with the cold front (ZuHone & Roediger
016 ). Chadayammuri et al. ( 2022b ) studied the consequences of
agnetic fields of different strengths on the X-ray features seen in

bservations through magnetohydrodynamic simulations of A2146
sing a tangled initial magnetic field. They found that the tangled
agnetic field gets the most amplified around the cold front at the

dge of the subcluster core. 
Supporting the impact of strong untangled magnetic fields on the

uppression of conduction, Meinecke et al. ( 2022 ) made a laboratory
eplica of the turbulence in the plasma of galaxy clusters and found
 reduction of heat conduction of at least two orders of magnitude
rom the Spitzer’s values. In this study, they used a laser laboratory
xperiment to replicate a high- β turbulent plasma with weakly
ollisional and magnetized electrons resembling the conditions of
alaxy clusters, where β is the ratio of the electron thermal pressure
o the magnetic pressure and has a value of 44. It was the first direct
xperimental evidence of such a suppression in those conditions. 

Interestingly, the conduction suppression found here is also similar
o the suppression due to the whistler scattering found by Roberg-
lark et al. ( 2018 ). This mechanism suppresses heat flux parallel to
agnetic fields because high heat fluxes generate whistler waves that

catter the electrons, suppressing their ability to transport heat. The
hermal heat transport quickly saturates at a level of ∼q sat / β, where
he ratio of gas to magnetic pressure is β ∼ 100 (Drake et al. 2021 ).

We cannot be sure what is the origin of the temperature increase
long the plume, as there could be many phenomena explaining
his heating. The temperature of the gas within the plume may also
hange due to mixing (e.g. Nulsen 1982 ; Begelman & Fabian 1990 ;
onnesen & Bryan 2021 ). This would vastly increase the surface area
f the contact region between hot and cold gas and so require much
arger suppression of conduction than estimated here. The unknown

agnetic field configuration prevents a more detailed consideration
f mixing. Ho we ver, conduction at the Spitzer rate would heat up
he gas directly. Suppression of the conduction therefore needs to
ake place, whatever occurs regarding other heating mechanisms.
urthermore, they would increase the temperature of the plume,
NRAS 526, 6205–6213 (2023) 

s  
mplying even more suppression of the conduction needed. Thus, we
nd here a conserv ati ve limit for it. 

.2 Conduction along the plume 

n the past, a number of simulations have allowed for anisotropic
hermal conduction, using the Spitzer conductivity parallel to the

agnetic field lines (e.g. ZuHone et al. 2013 ). Ho we ver, suppression
ould still exist along the field lines and therefore the plume in our
ase (e.g. via whistler mode; Roberg-Clark et al. 2018 ). We do not
now the orientation of the magnetic field lines in A2146, but based
n the high suppression of the conduction between the plume and the
ot ambient gas, the magnetic field should run along the interface of
he plume and the hot gas. 

We have checked whether the temperature gradient could itself
roduce the conduction necessary. We looked at a parcel of gas
oving along the plume, but with heat coming down from heat pipes

onnecting the hotter plasma of region 5 to the colder plasma of
e gion 2 ne xt to the cool core. In Table 3 , for each region, we put the
emperature, required conduction flux ( q −), and available one from
he hot ambient gas ( q + ) from Table 1 . We also added a column
ith the available conduction flux between segments of the plume

ooking at the conduction between two adjacent regions ( q + 

a ). We
hen calculated the fraction of the conduction along the plume versus
he one from the hot gas ( q + 

a / q 
+ , in percentage) and the ratio between

he available flux along the plume and the required one (Ratio a ). We
lso decided to look at those three values again, but for the conduction
nly between the first and last regions of the partial cone ( q + 

a,ext ,
 

+ 

a / q 
+ 

ext , Ratio a , ext ). It seems that the conduction along the plume
eeds to be suppressed, but the uncertainties are too great, and we thus
ave no strong evidence for suppression along the plume. Ho we ver,
oberg-Clark et al. ( 2016 ) show that for flow along the magnetic
eld, the conductive heat flux saturates at a much lower value than
stimated by Cowie & McKee ( 1977 ) due to excitation of whistlers.
his could explain the low conduction along the field. In addition,
e found that the values of conduction available along the plume

re between 0.15 and 5.43 per cent of the available conduction flux
rom the hot ambient gas. For those reasons, it can be safely ignored.

 SUMMARY  

he new 2-Ms Chandra observations of the cluster merger A2146
llowed us for the first time to study conduction processes in the
CM of galaxy clusters using a tailor made model to determine the
ow velocities. A2146 is the merger of two cool core clusters. The
ubcluster core was ram-pressure stripped during the merger, which
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reated a tail of cool gas behind the core (see Fig. 1 ). The resolution
f the new data allowed us to see a clear cool plume coming from the
ore distinguishable from the hot ambient gas, thought to be a partial
one with the section closest to the core missing (see Fig. 2 ). From the
etailed temperature map of the plume and the gas velocities along a
omparable structure in the hydrodynamical simulations (similar to 
he ones in Chadayammuri et al. 2022a ), we studied the survi v al of
he plume and suppression of conduction in the cool core. 

By mapping the temperature gradient along the plume (see Fig. 3 ),
e calculated the required conduction flux to explain the change in 

emperature o v er a series of sections along the plume’s length. Those
alues were then compared to the available conduction flux in the 
ot ambient gas following the Spitzer rates. By comparing those 
wo fluxes, we found that there is a suppression of the conduction
ompared to the Spitzer rates of at least two orders of magnitude
epending on the region, our results being lower limits. This could be
xplained by magnetic draping due to highly tangled magnetic fields 
r strong untangled magnetic fields along the plume. Therefore, our 
esults show, for the first time using measurements of the geometry 
nd time-scale of the plume rather than using arguments of the 
urvi v al time of the structures, that conduction is indeed strongly
uppressed in some regions of galaxy clusters. 
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