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(see Table 1) with a cleaned coadded exposure time of 262 ks.
These deep data sets reveal a wealth of gas-stripping-related
structures, showing that M60 is undergoing ram-pressure stripping
as it falls through the ICM toward the cluster center. In the
Chandra image (Figure 1), we see that the gas removed from the
core of M60 has formed wings, a western edge, and a faint eastern
filamentary tail. Understanding the nature of these edges and
filamentary gaseous structures, and determining the velocity of
M60 through the Virgo ICM are the focus of this paper.

This paper is organized as follows. In Section 2 we list the
five Chandra observations used, explaining the data reduction
and processing methods. Section 3 documents the critical steps
undertaken to analyze the Chandra data, highlighting the
observational results from the reprocessed, coadded data and
discussing the results drawn. Our conclusions are presented in
Section 4. All coordinates are J2000, and unless otherwise
indicated, all errors are 90% confidence levels. Using the
Surface Brightness Fluctuation (SBF) distances from Mei et al.
(2007), the distance to M87 is 17.2±0.6 Mpc, and
1 4.98 kpc¢ = . These measurements assume a Hubble constant
H 73 km s Mpc0

1 1= - - in the ΛCDM cosmology and are
consistent with the SBF measurements by Tonry et al. (2001)
(16.1± 1.2 Mpc).

2. Observations and Data Reduction

We reprocessed and then coadded five observations of M60
(Table 1) taken with the Chandra X-ray Observatory using the
Advanced CCD Imaging Spectrometer array (ACIS) with
ACIS-S (chip S3) at the aimpoint, giving a total exposure of
270 ks. A sixth, 38 ks observation from the archive (ObsID
785) was badly flared and thus was excluded from our analysis.
All the data were taken in VFAINT mode and analyzed using
the standard X-ray processing packages, CIAO 4.7 (CALDB
4.6.8), FTOOLS 6.15, Sherpa 4.4, and XSPEC 12.9.0. The data
were filtered with lc_clean and deflare to remove events in
periods of abnormally low or high counts, where the count rate
deviates more than 20% above or below the mean. This gave a
useful exposure time of 262 ks.

Some events from M60ʼs bright core are redistributed along
the ACIS readout direction during readout. These out-of-time
events may contaminate both imaging and spectral analyses of
the faint diffuse X-ray emission of interest. We model the
readout contribution to the background using CIAO tool
readout_bkg, based on the algorithm developed by Vikhlinin
et al. (2005). The cosmic X-ray contribution to the background
was taken from the blank-sky background files; a series of
source-free background sets obtained at high galactic latitude to

avoid contamination from our Galaxy. For each observation the
relevant blank-sky background files for that date were down-
loaded and reprocessed. These were the period D source-free
data sets for the S3 CCD with exposure 400 ks. Identical
energy filters and the same cleaning process using CIAO were
applied to the blank-sky background files. The normalization of
the background was set by the ratio of exposure times between
the M60 and blank-sky background data sets, with a last
adjustment to account for the time variability of the particle
background component made by matching the detected count
rate for background and source in the 10–12 keV energy band,
where particle backgrounds dominate. Both the readout and
cosmic X-ray background contributions were subtracted from
our subsequent image analysis. Exposure-corrected, back-
ground-subtracted flux images were created for each observa-
tion in the soft (0.5–2.0 keV) and hard (2.0–7.0 keV) X-ray
energy bands, binned at a two-by-two pixel resolution
(0. 984 0. 984´ ). The exposure-corrected, background-sub-
tracted, coadded mosaic of the five Chandra observations used
in our analysis, with the identified point sources excluded, is
shown in Figure 1. The dynamical gas features studied within
this paper are marked. The reader may view a less processed
coadded mosaic of the five data sets, which includes point
sources, in Figure 5.

Table 1
Chandra Observations of M60

ObsID Date Exposure Cleaned Exposure
(ks) (ks)

8182 2007 Jan 30 52.37 48.28
8507 2007 Feb 1 17.52 17.52
12975 2011 Aug 8 84.93 80.84
12976 2011 Feb 24 101.04 101.04
14328 2011 Aug 12 13.97 13.97

Note. The cleaned exposure is after removal of periods of anomalously high
and low count rates.

Figure 1. Exposure-corrected, background-subtracted, coadded Chandra X-ray
image of M60 in the soft band (0.5–2.0 keV). A bin size of 2×2 pixels
(1″×1″) is used and the image has been smoothed with a 2″ Gaussian kernel
to highlight faint diffuse features. Both the instrumental readout and cosmic
X-ray backgrounds have been subtracted and point sources have been
excluded. North is up and east is to the left. Note the leading edge to the
north and west in the direction of M87 and gaseous wings extending from the
edge to either side. The small region of bright emission northwest of the surface
brightness edge is the spiral galaxy NGC 4647.
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The infall of M86 through the Virgo cluster   
line of sight velocity -1550 km s-1 with respect to M87 

Ram pressure stripped double gas tails 150 kpc in projection and true length >380 
kpc   Since discovery with Einstein (Forman et al. 1979), observed by every major 
X-ray observatory. Above is Chandra mosaic  (Randall et al. 2008).  
Also note short tail south of M84.



Infall of M89 (NGC4552) toward M87  
(Machacek et al 2006; Kraft, Roediger et al. 2017) 

Surface brightness edge to north and  20 kpc X-ray tail.

Stripped Tails 3

Fig. 1.— Exposure corrected, co-added (200 ks) Chandra/ACIS-S image of M89 in the 0.7-1.1 keV band. Key features that are labelled
include the dense unstripped gas at the center of the potential (the remnant core), the region of unstripped gas from the halo shielded by
the remnant core (the remnant tail), and the region of stripped gas that is mixing with the ICM (the deadwater region). The wake lies ⇠100

to the southeast o↵ the active region of the ACIS detectors. The red arrows denote the boundary of the surface brightness enhancement
of the deadwater region and shows the flaring between the remnant tail and deadwater (see text for details). The units of the color bars
are phot cm�2 s�1 arcsec�2 in the 0.7-1.1 keV band.

release. The livetime of the observation was 32.1 ks. We
filtered the data for periods of high background by bin-
ning the data in 100 sec bins in the 5-12 keV band and
removing any intervals in which the background rate was
more than 3� above the mean. We also filtered the data
by grade and bad pixel criteria. This left ⇠16.7 ks of
good time in the PN data. As with the Chandra data,
we use local background for background subtraction to
precisely remove both the internal particle background
and emission from the Virgo cluster.

3. ANALYSIS

A smoothed, exposure corrected Chandra X-ray image
of NGC 4552 in the 0.7-1.1 keV band is shown in Figure 1.
We choose this narrow band for the images because the
emission is dominated by the Fe L complex of the 0.5
keV galactic gas, and thus enhances the visibility of the
galaxy gas relative to the hot Virgo cluster gas emission.
The color stretch highlights the tail and wake, for images
showing the structure inside the remnant atmosphere see
Machacek et al. (2005c). Detectable X-ray emission in
the tail extends to a distance of several times the radius
of the remnant core to at least the edge of the FOV of
the Chandra data. The direction of its tail is curved
south to east with a roughly constant width until ⇠13
kpc from the nucleus where it flares dramatically and the
width increases by a factor of 2 (denoted by the arrows
in Figure 1) while the brightness decreases by a factor
of 2. The brightest part of the tail (<13 kpc from the
nucleus) was first reported by Machacek et al. (2005b),
but the low surface brightness extension is only visible
in our deeper data. The position of NGC 4552 in the
Virgo potential, due east of M87, is shown in Figure 2.

Direction of its tail indicates north or northwest motion
in projection.
We identify three distinct regions of the galaxy and

tail of NGC 4552 visible in the Chandra image using
the terminology described in Papers I and II: the rem-
nant core (the brightest region centered on the optical
galaxy consisting of unstripped gas), the remnant tail
(the X-ray bright part of the tail just behind the remnant
core composed of unstripped gas that has been shielded
from stripping by the remnant core), the deadwater re-
gion (the fainter region beyond the remnant tail consist-
ing of gas that has been stripped which is starting to
mix with the Virgo cluster ICM but has no significant
velocity di↵erence from NGC 4552). The fourth region
identified in Papers I and II, the far wake (composed of
gas well-mixed with the Virgo cluster ICM moving away
from NGC 4552 at its infall velocity), lies well o↵ the
ACIS-S3 chip to the southeast. Extrapolating from the
direction of the remnant tail seen in the ACIS observa-
tion, we mark its approximate expected position in the
XMM image in Figure 4. The far tail is undetected, so
this box is only representative of it’s possible location to
the southeast of the galaxy. The size and shape of this
region are primarily useful to get the counting statistics
correct to estimate the upper limit to its surface bright-
ness.
We fit the spectra of the remnant core, three regions of

the remnant tail, and one region of the deadwater region
(see Figure 3). The temperature of the galactic gas still
residing in the galaxy potential (i.e. the remnant core)
was determined from a small region to the south of the
nucleus of the galaxy avoiding the region of the AGN
shock (Machacek et al. 2005c). A single temperature

Motion close to plane of the sky (~30 deg);  M89 has experienced slow steady  
increase in ram pressure during infall. Based on a detailed comparison of the tail  

to simulations, effective viscosity of Virgo ICM is several orders of magnitude below 
Spitzer value.  Note“horns” favor low viscosity gas, but could be result of AGN outburst.



NGC4552

0.0 0.2 0.7 1.7 3.7 7.6 15.4 30.8 62.0 123.8 246.8

NGC4552  core

20"

One outburst - one pair of bubbles 
Mach 1.7 shock from 1.4  x 1055  ergs nuclear outburst 
Outburst age ~1-2 106 years 
Higher gas temperature in galaxy core suggests directly 
observing reheating of ISM by nuclear outbursts 

 Bipolar Cavities in NGC4552 (M89)
Machacek + 2006

1.5 kpc



M60  - elliptical with short tail, 
falling toward M87 - 1 Mpc east of M87

If western edge is a cold front, we measure the pressure across the edge, and 
determine a Mach number ~ 1.7.  This gives an infall velocity 1030 (180) km sec-1.  
Short tail is ram pressure stripped gas. “Wings” are K-H instabilities and based on 
simulations imply gas stripping is close to inviscid  (Wood et al. 2017 ApJ 847, 79).

(see Table 1) with a cleaned coadded exposure time of 262 ks.
These deep data sets reveal a wealth of gas-stripping-related
structures, showing that M60 is undergoing ram-pressure stripping
as it falls through the ICM toward the cluster center. In the
Chandra image (Figure 1), we see that the gas removed from the
core of M60 has formed wings, a western edge, and a faint eastern
filamentary tail. Understanding the nature of these edges and
filamentary gaseous structures, and determining the velocity of
M60 through the Virgo ICM are the focus of this paper.

This paper is organized as follows. In Section 2 we list the
five Chandra observations used, explaining the data reduction
and processing methods. Section 3 documents the critical steps
undertaken to analyze the Chandra data, highlighting the
observational results from the reprocessed, coadded data and
discussing the results drawn. Our conclusions are presented in
Section 4. All coordinates are J2000, and unless otherwise
indicated, all errors are 90% confidence levels. Using the
Surface Brightness Fluctuation (SBF) distances from Mei et al.
(2007), the distance to M87 is 17.2±0.6 Mpc, and
1 4.98 kpc¢ = . These measurements assume a Hubble constant
H 73 km s Mpc0

1 1= - - in the ΛCDM cosmology and are
consistent with the SBF measurements by Tonry et al. (2001)
(16.1± 1.2 Mpc).

2. Observations and Data Reduction

We reprocessed and then coadded five observations of M60
(Table 1) taken with the Chandra X-ray Observatory using the
Advanced CCD Imaging Spectrometer array (ACIS) with
ACIS-S (chip S3) at the aimpoint, giving a total exposure of
270 ks. A sixth, 38 ks observation from the archive (ObsID
785) was badly flared and thus was excluded from our analysis.
All the data were taken in VFAINT mode and analyzed using
the standard X-ray processing packages, CIAO 4.7 (CALDB
4.6.8), FTOOLS 6.15, Sherpa 4.4, and XSPEC 12.9.0. The data
were filtered with lc_clean and deflare to remove events in
periods of abnormally low or high counts, where the count rate
deviates more than 20% above or below the mean. This gave a
useful exposure time of 262 ks.

Some events from M60ʼs bright core are redistributed along
the ACIS readout direction during readout. These out-of-time
events may contaminate both imaging and spectral analyses of
the faint diffuse X-ray emission of interest. We model the
readout contribution to the background using CIAO tool
readout_bkg, based on the algorithm developed by Vikhlinin
et al. (2005). The cosmic X-ray contribution to the background
was taken from the blank-sky background files; a series of
source-free background sets obtained at high galactic latitude to

avoid contamination from our Galaxy. For each observation the
relevant blank-sky background files for that date were down-
loaded and reprocessed. These were the period D source-free
data sets for the S3 CCD with exposure 400 ks. Identical
energy filters and the same cleaning process using CIAO were
applied to the blank-sky background files. The normalization of
the background was set by the ratio of exposure times between
the M60 and blank-sky background data sets, with a last
adjustment to account for the time variability of the particle
background component made by matching the detected count
rate for background and source in the 10–12 keV energy band,
where particle backgrounds dominate. Both the readout and
cosmic X-ray background contributions were subtracted from
our subsequent image analysis. Exposure-corrected, back-
ground-subtracted flux images were created for each observa-
tion in the soft (0.5–2.0 keV) and hard (2.0–7.0 keV) X-ray
energy bands, binned at a two-by-two pixel resolution
(0. 984 0. 984´ ). The exposure-corrected, background-sub-
tracted, coadded mosaic of the five Chandra observations used
in our analysis, with the identified point sources excluded, is
shown in Figure 1. The dynamical gas features studied within
this paper are marked. The reader may view a less processed
coadded mosaic of the five data sets, which includes point
sources, in Figure 5.

Table 1
Chandra Observations of M60

ObsID Date Exposure Cleaned Exposure
(ks) (ks)

8182 2007 Jan 30 52.37 48.28
8507 2007 Feb 1 17.52 17.52
12975 2011 Aug 8 84.93 80.84
12976 2011 Feb 24 101.04 101.04
14328 2011 Aug 12 13.97 13.97

Note. The cleaned exposure is after removal of periods of anomalously high
and low count rates.

Figure 1. Exposure-corrected, background-subtracted, coadded Chandra X-ray
image of M60 in the soft band (0.5–2.0 keV). A bin size of 2×2 pixels
(1″×1″) is used and the image has been smoothed with a 2″ Gaussian kernel
to highlight faint diffuse features. Both the instrumental readout and cosmic
X-ray backgrounds have been subtracted and point sources have been
excluded. North is up and east is to the left. Note the leading edge to the
north and west in the direction of M87 and gaseous wings extending from the
edge to either side. The small region of bright emission northwest of the surface
brightness edge is the spiral galaxy NGC 4647.
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3.5. Wings and Tail Structures of M60

The motion of M60 through the Virgo ICM causes the gas
on the northwest side to be stripped and pushed behind the
galaxy in the wake of its passage through Virgo, forming the
observed “wings” and sharp northwest edge. The coadded
images show there are a pair of wings in both the northeast and
south directions. These wings align with the direction of the
outburst of the AGN at the core of M60 (Paggi et al. 2014).

The double wing structure is shown more clearly by binning
to 8×8 pixels (4″×4″ bins) in Figure 5. The filamentary
wings are thin and long, extending at least 150″ in both
directions and as wide as the galaxy atmosphere radius (150″

span across each double wing structure). The northeastern
wings are of approximately equal length (150″) and separated
by a cavity 28″ wide. The wings to the south are less
symmetric, with the front wing being shorter than the
downstream wing by a factor of 2.
The dimensions of these filamentary wings were compared

with simulations by Roediger et al. (2015a, 2015b) of the Virgo
galaxy M89 (NGC4552). The lower panel of Figure 5 shows a
soft band X-ray projection of M89 that demonstrates how
turbulent stripping can create wings of diffuse gas to the sides
of the galaxy, as we observe for M60. The size of the wings
scales with the size of the gas atmosphere, hence larger wings
are seen in M60, compared to the simulations of the Virgo
elliptical M89, since most of M89ʼs gas has already been
stripped.
The double wing structure is seen in the simulation image

(Figure 5 lower panel). The wings are attached directly to the
sides of the galaxy, as is the case for M60, another indicator of
motion nearly in the plane of the sky. This can also be
explained by the inclination angle; the simulations assume
motion purely in the plane of the sky, while M60 has an
inclination of 11±3 degrees as shown in Section 3.4. For
M89 these features are attached to the upstream edge rather
than to the sides (Machacek et al. 2006). Thus, the simulation
better represents M60 in this instance.
Two processes can disturb the sharp edge of a cold front;

Rayleigh–Taylor instabilities and KHI (Roediger et al. 2012).
The Rayleigh–Taylor instability occurs when two fluids of
different densities are accelerated into each other. The galaxy
gas is accelerating into the ICM, but the Rayleigh–Taylor
instability is suppressed by M60ʼs gravity, so the effective
acceleration points in the opposite direction.
KHI instabilities, formed at the surface of the cold front edge

where velocity shears may produce turbulent motions, are
likely the cause of the filamentary wings seen in Figures 1 and
5, perhaps aided by previous AGN outbursts that may have
lifted the galaxy gas upward in M60ʼs gravitational potential
making it easier to strip.
The simulations predict some faint emission behind the

wings downstream leading to a diffuse tail trailing the galaxy.
There is a faint excess of emission seen for r 10 kpc> in the
eastern surface brightness profile (Figure 3) over that observed
in the northern or western profiles, suggestive of such a tail.
The simulations of M89 predict a downstream edge marking

the boundary between the galaxy atmosphere and diffuse tail.
We performed our edge analysis as outlined in Section 3.2, on
the eastern profile of M60 to look for this downstream edge
(See Figures 2 and 3 and Table 2).
Using the power-law model from Equation (1), the eastern

profile is well fit with upstream and downstream power-law
slopes of 1.42i 0.04

0.03a = -
+ and 1.86o 0.32

0.38a = -
+ , respectively. We

find a small jump J 1.43sb 0.17
0.23= -

+( ) at r 12.9 0.5
0.4= -

+ kpc
downstream from the center of M60. Since we expect from
simulations that the near tail is composed of galaxy gas
displaced but not yet completely stripped from M60 (Roediger
et al. 2015a), the abundances across the eastern edge should be
the same. Thus, J Jdsb =( ) , the ratio of the gas density across
the eastern downstream edge. Figure 6 shows the extracted
surface brightness profiles for both the upstream (northern cold
front) and downstream (eastern tail) edges. The simulations
generally find the downstream edge at a larger radius than the
upstream edge, even more so than is observed for M60.

Figure 5. (Upper image) Coadded Chandra image of M60 with the double
wing structures highlighted by blocking to a bin size of 8×8 pixels
(∼4″×4″). (Lower image) Simulation of gas-stripping and Kelvin–Helmholtz
instabilities in M89, which form “wings” similar to those in the Chandra image
of M60. The frame is a low-energy band (0.5–2.0 keV) X-ray projection.
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 M60 - hot gas halo, but no long gas tail

M60 falling into Virgo. Ram pressure stripped gas.  (Wood et al 2017 ApJ)

(see Table 1) with a cleaned coadded exposure time of 262 ks.
These deep data sets reveal a wealth of gas-stripping-related
structures, showing that M60 is undergoing ram-pressure stripping
as it falls through the ICM toward the cluster center. In the
Chandra image (Figure 1), we see that the gas removed from the
core of M60 has formed wings, a western edge, and a faint eastern
filamentary tail. Understanding the nature of these edges and
filamentary gaseous structures, and determining the velocity of
M60 through the Virgo ICM are the focus of this paper.

This paper is organized as follows. In Section 2 we list the
five Chandra observations used, explaining the data reduction
and processing methods. Section 3 documents the critical steps
undertaken to analyze the Chandra data, highlighting the
observational results from the reprocessed, coadded data and
discussing the results drawn. Our conclusions are presented in
Section 4. All coordinates are J2000, and unless otherwise
indicated, all errors are 90% confidence levels. Using the
Surface Brightness Fluctuation (SBF) distances from Mei et al.
(2007), the distance to M87 is 17.2±0.6 Mpc, and
1 4.98 kpc¢ = . These measurements assume a Hubble constant
H 73 km s Mpc0

1 1= - - in the ΛCDM cosmology and are
consistent with the SBF measurements by Tonry et al. (2001)
(16.1± 1.2 Mpc).

2. Observations and Data Reduction

We reprocessed and then coadded five observations of M60
(Table 1) taken with the Chandra X-ray Observatory using the
Advanced CCD Imaging Spectrometer array (ACIS) with
ACIS-S (chip S3) at the aimpoint, giving a total exposure of
270 ks. A sixth, 38 ks observation from the archive (ObsID
785) was badly flared and thus was excluded from our analysis.
All the data were taken in VFAINT mode and analyzed using
the standard X-ray processing packages, CIAO 4.7 (CALDB
4.6.8), FTOOLS 6.15, Sherpa 4.4, and XSPEC 12.9.0. The data
were filtered with lc_clean and deflare to remove events in
periods of abnormally low or high counts, where the count rate
deviates more than 20% above or below the mean. This gave a
useful exposure time of 262 ks.

Some events from M60ʼs bright core are redistributed along
the ACIS readout direction during readout. These out-of-time
events may contaminate both imaging and spectral analyses of
the faint diffuse X-ray emission of interest. We model the
readout contribution to the background using CIAO tool
readout_bkg, based on the algorithm developed by Vikhlinin
et al. (2005). The cosmic X-ray contribution to the background
was taken from the blank-sky background files; a series of
source-free background sets obtained at high galactic latitude to

avoid contamination from our Galaxy. For each observation the
relevant blank-sky background files for that date were down-
loaded and reprocessed. These were the period D source-free
data sets for the S3 CCD with exposure 400 ks. Identical
energy filters and the same cleaning process using CIAO were
applied to the blank-sky background files. The normalization of
the background was set by the ratio of exposure times between
the M60 and blank-sky background data sets, with a last
adjustment to account for the time variability of the particle
background component made by matching the detected count
rate for background and source in the 10–12 keV energy band,
where particle backgrounds dominate. Both the readout and
cosmic X-ray background contributions were subtracted from
our subsequent image analysis. Exposure-corrected, back-
ground-subtracted flux images were created for each observa-
tion in the soft (0.5–2.0 keV) and hard (2.0–7.0 keV) X-ray
energy bands, binned at a two-by-two pixel resolution
(0. 984 0. 984´ ). The exposure-corrected, background-sub-
tracted, coadded mosaic of the five Chandra observations used
in our analysis, with the identified point sources excluded, is
shown in Figure 1. The dynamical gas features studied within
this paper are marked. The reader may view a less processed
coadded mosaic of the five data sets, which includes point
sources, in Figure 5.

Table 1
Chandra Observations of M60

ObsID Date Exposure Cleaned Exposure
(ks) (ks)

8182 2007 Jan 30 52.37 48.28
8507 2007 Feb 1 17.52 17.52
12975 2011 Aug 8 84.93 80.84
12976 2011 Feb 24 101.04 101.04
14328 2011 Aug 12 13.97 13.97

Note. The cleaned exposure is after removal of periods of anomalously high
and low count rates.

Figure 1. Exposure-corrected, background-subtracted, coadded Chandra X-ray
image of M60 in the soft band (0.5–2.0 keV). A bin size of 2×2 pixels
(1″×1″) is used and the image has been smoothed with a 2″ Gaussian kernel
to highlight faint diffuse features. Both the instrumental readout and cosmic
X-ray backgrounds have been subtracted and point sources have been
excluded. North is up and east is to the left. Note the leading edge to the
north and west in the direction of M87 and gaseous wings extending from the
edge to either side. The small region of bright emission northwest of the surface
brightness edge is the spiral galaxy NGC 4647.
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 Infall of NGC1404 into Fornax cluster
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Fig. 1.— left: Digitized Sky Survey (DSS) blue-band image of NGC 1404 and NGC 1399. Blue region marks the region used to derive the
X-ray surface brightness profile of the stripped tail in Figure 6. right: Exposure-corrected and blank-sky background subtracted Chandra
image of NGC 1404 and NGC 1399 in 0.5-2.0 keV. Box region marks the frame of Figure 2.

X-ray tail and cold front in NGC1404 (no AGN outburst)  Su et al.  ApJ 2017 

Previous studies in X-ray:      
Jones+97 (ROSAT)  
Buote & Fabian 98 (ASCA)  
Paolillo+02 (ROSAT)   
Scharf+05  (Chandra)  
Machacek+05  (Chandra)  
Churazov+10 (Chandra+XMM)  
Murakami+11 (XMM+Suzaku)
and more
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3D Motion Reconstruction
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NGC 1404 — Traveling through the ICM

Su et al. 2017 ApJ, 834, 74
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• 2m effective area at 1 keV
•  5” angular resolution
• 0.3 - 12 keV 
• Wide Field imager  40’ FOV
• Calorimeter 5’ FOV

Trace the evolution of clusters and  
groups to z=1
Measure velocities, thermodynamics, 
chemical composition of hot gas to quantify 
non-gravitational heating and turbulence 

Primary Cluster Science Goals

Athena++



✓ Technology 
incorporates  IXO 
development and 
Chandra heritage

✓ No spacecraft 
requirements beyond 
those achieved for 
Chandra

✓ Chandra-like cost

Next-generation science instruments, e.g.:

- 5×5′ microcalorimeter with 1″ pixels and high spectral resolution,  
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Fig. 2.— Chandra image of NGC 1404 in 0.7–1.3 keV. The im-
age was exposure-corrected, blank-sky background subtracted, and
smoothed using the CIAO tool dmimgadapt. We identify the red
sector as the sharpest edge (35�–90�), for which we derived the sur-
face brightness profile. The “x” sign (03h38m52.8s, -35d35m59.6s)
is the center of the cold front curvature.

We resolve substructures in surface brightness and
temperature of NGC 1404 down to < 100 pc, thanks to
the combination of the proximity of NGC 1404, the su-
perb spatial resolution of Chandra, a very deep (670 ksec)
exposure, and the low temperature of NGC 1404. Based
on observational facts, we describe the transport pro-
cesses and probe the microscopic properties of the cluster
plasma.

4.1. Di↵usion and conduction

The surface brightness profile of the leading edge re-
veals a sharp density discontinuity at the front. Here,
we compare the width of the discontinuity to the charac-
teristic mean-free-path (mfp) of electrons, �e, in the hot
plasma on both sides of the leading edge. Sarazin (1988)
gives:
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33/2(kTe)2

4⇡1/2
n

4

eln⇤
, (1)

where the Coulomb logarithm is

ln⇤ = 37.8 + ln

✓

T
e

108K

◆

⇣ n
e

10�3cm�3

⌘�1/2
�

. (2)

For densities and temperatures in Region ISM and Re-
gion ICM, the mfp is �

in

= 20pc in the ISM and
�

out

= 653 pc in the ICM. The e↵ective mfp across the
front can be estimated as (Vikhlinin et al. 2002)

�

in!out

= �

out

T

in

T

out

G(1)

G(
p

T

in

/T

out

)
, (3)

and

�

out!in

= �

in

T

out

T

in

G(1)

G(
p

T

out

/T

in

)
, (4)

Fig. 3.— top: Same as the Figure 2 image but with the ICM, un-
resolved LMXBs, and di↵use stellar components subtracted. mid-

dle: a zoom-in image of the black box region in the top image. Red
region (200 wide) indicates the location of those “eddies” found in
the surface brightness profile in Figure 5. bottom: surface bright-
ness in downstream regions (green boxes in the top image; Regions
1–20: left to right).
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exposure, and the low temperature of NGC 1404. Based
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Fig. 3.— top: Same as the Figure 2 image but with the ICM, un-
resolved LMXBs, and di↵use stellar components subtracted. mid-

dle: a zoom-in image of the black box region in the top image. Red
region (200 wide) indicates the location of those “eddies” found in
the surface brightness profile in Figure 5. bottom: surface bright-
ness in downstream regions (green boxes in the top image; Regions
1–20: left to right).

KH instabilities along cold front/contact discontinuity 
Isotropic viscosity of gas  < 5% Spitzer.  

Mixing of the hot cluster gas and the cooler 
galaxy gas in the downstream stripped tail
provides further evidence of a low viscosity plasma.

Ordered magnetic fields in the ICM smaller than 5 microG to allow KHI.



 Galaxies with long X-ray tails  

Falling into Virgo. Ram 
pressure stripped gas.   
(Forman et al. 1979;  
Randall et al. 2008)
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Figure 2. Left: XMM-Newton 0.5–2 keV mosaic of A3627 from an 18 ks observation. The main tail of ESO 137-001 is significant in the XMM-Newton image. Right:
the composite X-ray/optical image of ESO 137-001’s tail. The Chandra 0.6–2 keV image (from the new 140 ks observation) is in blue, while the net Hα emission
(from the SOAR data; S07) is in red. The white stellar image is the same as the one shown in Figure 1. Note that the X-ray image was adaptively smoothed (also for
other X-ray contours shown in this work). The X-ray leading edge is in fact in the same place as the Hα edge (Figure 4).

sections, we discuss the spatial and spectral properties of
ESO 137-001’s tails.

3.1. Spatial Structure

The observed soft X-ray emission of the tails most likely
comes from the interfaces between the hot ICM and the cold
stripped ISM. Although there are no data for the cold atomic
and molecular gas (note the Spitzer data on the polycyclic
aromatic hydrocarbon (PAH) emission and the warm molecular
H2; Sivanandam et al. 2010), the X-ray surface brightness of
the tails reveals a great deal about the stripped ISM. The
surface brightness of the tails is quantitatively examined. We first
derived the 0.6–2 keV surface brightness profiles across some
parts of the tails and the leading edge. As shown in Figure 3,
both tails are narrow but highly significant features above the
local background. Even the “protrusion” is a 4.1σ feature.
The leading edge (or the contact discontinuity) is very sharp,
corresponding to the Hα edge (Figure 4). The gap between two
tails has a similar surface brightness as the local background
(Figures 3(b) and (c)). For the front part of the gap, the surface
brightness is (6.26 ± 0.30) × 10−5 counts s−1 kpc−2, while the
local background is (5.88 ± 0.27) × 10−5 counts s−1 kpc−2.
The low surface brightness of the gap has implications for
the three-dimensional structure of the stripped ISM tail. One
possibility for the observed double tails is the projection effect
of one broad cold ISM tail. According to this interpretation,
the three-dimensional structure of the soft X-ray emission
might be a cylindrical shell that produces double tails in the
projected surface brightness. As shown in Figure 3, such a
configuration fails to simultaneously account for both the low
surface brightness of the gap and the observed widths of two
tails. The observed emission level between tails is similar to
that outside tails. Basically, the width of the cylindrical shell
required to make the central emission dim also makes each
peak unacceptably narrow in relation to the observed profiles.
Thus, the two X-ray tails are most likely detached. This is also
supported by the Spitzer data (Sivanandam et al. 2010). The
8 µm PAH emission only appears in the first 20 kpc of the main
tail. The IRS data only cover a small field downstream but no

enhanced warm H2 emission is present at the front part of the
gap. Eventually, we need H i and CO data to better reveal the
distribution of the cold ISM downstream of ESO 137-001.

In principle, the surface brightness profiles along the tails
reflect the stripping history. As shown in Figure 5, both tails
have wiggles and substructures along the (time) axis. However,
the unknown conversion from the X-ray emission to the mass of
the stripped ISM (filling factor, detail of the emission spectra,
etc.) makes this difficult with only the X-ray data. A more
complete picture can be obtained with the H i and CO data.
From Figure 5, the total linear length of the whole tail system is
at least 4.′2 or 80 kpc. We also measured the widths of the main
tail in four segments (before sharp bends) and the widths of the
secondary tail in two segments. The model is composed of a
Gaussian and a flat local background. As shown in Figure 6,
the widths of both tails do not increase with the distance
from the galaxy. This conflicts with simulations (e.g., RB08;
Kapferer et al. 2009), as further discussed in Section 7.2. If
ESO 137-001 is moving supersonically, a bow shock may form.
The local sound speed is 1263 (kT /6 keV)1/2 km s−1. For a Mach
number of 1.1–3, the predicted position of the bow shock is
20′′–2′′ from the leading edge (or the contact discontinuity).
No such shock front is detected in the Chandra exposure.
The enhanced surface brightness would be much weaker in
projection on the sky, especially if ESO 137-001 is farther from
the cluster center than the projected position.

3.2. Spectral Properties

With this deep Chandra exposure, for the first time spatially
resolved spectroscopy can be done for X-ray stripping tails of
a cluster late-type galaxy. We measured gas temperatures in
five regions of the main tail and two regions of the secondary
tail (Figure 7). The background is from the local source-free
regions. A single APEC model with Galactic absorption was
used. We emphasize that the measured temperatures are only
spectroscopic temperatures as the intrinsically multi-phase gas
is fitted with a single-kT model. In fact, a hard X-ray excess
generally exists in the spectral fits, which implies the existence
of hotter components. However, with limited statistics, we

M86                      M89 (NGC4552)    ESO 137-001 (A3627)

Falling into Virgo. Ram 
pressure stripped gas.   
(Machacek + 2006;  
Kraft + 2017)

Spiral falling into A3627. 
Ram pressure stripped gas, 
80 kpc long.  “pink is 
Halpha; ULX’s in tail, star 
formation in tail of hot gas.  
(Sun + 2010)
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2) Galaxies falling into clusters with short tails  
M60 (Virgo), NGC1404 (Fornax)

M60 galaxy group falling into 
Virgo. Ram pressure stripped 
gas and “wings”.   
(Wood et al. 2017)

(see Table 1) with a cleaned coadded exposure time of 262 ks.
These deep data sets reveal a wealth of gas-stripping-related
structures, showing that M60 is undergoing ram-pressure stripping
as it falls through the ICM toward the cluster center. In the
Chandra image (Figure 1), we see that the gas removed from the
core of M60 has formed wings, a western edge, and a faint eastern
filamentary tail. Understanding the nature of these edges and
filamentary gaseous structures, and determining the velocity of
M60 through the Virgo ICM are the focus of this paper.

This paper is organized as follows. In Section 2 we list the
five Chandra observations used, explaining the data reduction
and processing methods. Section 3 documents the critical steps
undertaken to analyze the Chandra data, highlighting the
observational results from the reprocessed, coadded data and
discussing the results drawn. Our conclusions are presented in
Section 4. All coordinates are J2000, and unless otherwise
indicated, all errors are 90% confidence levels. Using the
Surface Brightness Fluctuation (SBF) distances from Mei et al.
(2007), the distance to M87 is 17.2±0.6 Mpc, and
1 4.98 kpc¢ = . These measurements assume a Hubble constant
H 73 km s Mpc0

1 1= - - in the ΛCDM cosmology and are
consistent with the SBF measurements by Tonry et al. (2001)
(16.1± 1.2 Mpc).

2. Observations and Data Reduction

We reprocessed and then coadded five observations of M60
(Table 1) taken with the Chandra X-ray Observatory using the
Advanced CCD Imaging Spectrometer array (ACIS) with
ACIS-S (chip S3) at the aimpoint, giving a total exposure of
270 ks. A sixth, 38 ks observation from the archive (ObsID
785) was badly flared and thus was excluded from our analysis.
All the data were taken in VFAINT mode and analyzed using
the standard X-ray processing packages, CIAO 4.7 (CALDB
4.6.8), FTOOLS 6.15, Sherpa 4.4, and XSPEC 12.9.0. The data
were filtered with lc_clean and deflare to remove events in
periods of abnormally low or high counts, where the count rate
deviates more than 20% above or below the mean. This gave a
useful exposure time of 262 ks.

Some events from M60ʼs bright core are redistributed along
the ACIS readout direction during readout. These out-of-time
events may contaminate both imaging and spectral analyses of
the faint diffuse X-ray emission of interest. We model the
readout contribution to the background using CIAO tool
readout_bkg, based on the algorithm developed by Vikhlinin
et al. (2005). The cosmic X-ray contribution to the background
was taken from the blank-sky background files; a series of
source-free background sets obtained at high galactic latitude to

avoid contamination from our Galaxy. For each observation the
relevant blank-sky background files for that date were down-
loaded and reprocessed. These were the period D source-free
data sets for the S3 CCD with exposure 400 ks. Identical
energy filters and the same cleaning process using CIAO were
applied to the blank-sky background files. The normalization of
the background was set by the ratio of exposure times between
the M60 and blank-sky background data sets, with a last
adjustment to account for the time variability of the particle
background component made by matching the detected count
rate for background and source in the 10–12 keV energy band,
where particle backgrounds dominate. Both the readout and
cosmic X-ray background contributions were subtracted from
our subsequent image analysis. Exposure-corrected, back-
ground-subtracted flux images were created for each observa-
tion in the soft (0.5–2.0 keV) and hard (2.0–7.0 keV) X-ray
energy bands, binned at a two-by-two pixel resolution
(0. 984 0. 984´ ). The exposure-corrected, background-sub-
tracted, coadded mosaic of the five Chandra observations used
in our analysis, with the identified point sources excluded, is
shown in Figure 1. The dynamical gas features studied within
this paper are marked. The reader may view a less processed
coadded mosaic of the five data sets, which includes point
sources, in Figure 5.

Table 1
Chandra Observations of M60

ObsID Date Exposure Cleaned Exposure
(ks) (ks)

8182 2007 Jan 30 52.37 48.28
8507 2007 Feb 1 17.52 17.52
12975 2011 Aug 8 84.93 80.84
12976 2011 Feb 24 101.04 101.04
14328 2011 Aug 12 13.97 13.97

Note. The cleaned exposure is after removal of periods of anomalously high
and low count rates.

Figure 1. Exposure-corrected, background-subtracted, coadded Chandra X-ray
image of M60 in the soft band (0.5–2.0 keV). A bin size of 2×2 pixels
(1″×1″) is used and the image has been smoothed with a 2″ Gaussian kernel
to highlight faint diffuse features. Both the instrumental readout and cosmic
X-ray backgrounds have been subtracted and point sources have been
excluded. North is up and east is to the left. Note the leading edge to the
north and west in the direction of M87 and gaseous wings extending from the
edge to either side. The small region of bright emission northwest of the surface
brightness edge is the spiral galaxy NGC 4647.
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Fig. 1.— left: Digitized Sky Survey (DSS) blue-band image of NGC 1404 and NGC 1399. Blue region marks the region used to derive the
X-ray surface brightness profile of the stripped tail in Figure 6. right: Exposure-corrected and blank-sky background subtracted Chandra
image of NGC 1404 and NGC 1399 in 0.5-2.0 keV. Box region marks the frame of Figure 2.X-ray tail and cold front in 

NGC1404 (no AGN outburst) 
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Figure 2. Left: XMM-Newton 0.5–2 keV mosaic of A3627 from an 18 ks observation. The main tail of ESO 137-001 is significant in the XMM-Newton image. Right:
the composite X-ray/optical image of ESO 137-001’s tail. The Chandra 0.6–2 keV image (from the new 140 ks observation) is in blue, while the net Hα emission
(from the SOAR data; S07) is in red. The white stellar image is the same as the one shown in Figure 1. Note that the X-ray image was adaptively smoothed (also for
other X-ray contours shown in this work). The X-ray leading edge is in fact in the same place as the Hα edge (Figure 4).

sections, we discuss the spatial and spectral properties of
ESO 137-001’s tails.

3.1. Spatial Structure

The observed soft X-ray emission of the tails most likely
comes from the interfaces between the hot ICM and the cold
stripped ISM. Although there are no data for the cold atomic
and molecular gas (note the Spitzer data on the polycyclic
aromatic hydrocarbon (PAH) emission and the warm molecular
H2; Sivanandam et al. 2010), the X-ray surface brightness of
the tails reveals a great deal about the stripped ISM. The
surface brightness of the tails is quantitatively examined. We first
derived the 0.6–2 keV surface brightness profiles across some
parts of the tails and the leading edge. As shown in Figure 3,
both tails are narrow but highly significant features above the
local background. Even the “protrusion” is a 4.1σ feature.
The leading edge (or the contact discontinuity) is very sharp,
corresponding to the Hα edge (Figure 4). The gap between two
tails has a similar surface brightness as the local background
(Figures 3(b) and (c)). For the front part of the gap, the surface
brightness is (6.26 ± 0.30) × 10−5 counts s−1 kpc−2, while the
local background is (5.88 ± 0.27) × 10−5 counts s−1 kpc−2.
The low surface brightness of the gap has implications for
the three-dimensional structure of the stripped ISM tail. One
possibility for the observed double tails is the projection effect
of one broad cold ISM tail. According to this interpretation,
the three-dimensional structure of the soft X-ray emission
might be a cylindrical shell that produces double tails in the
projected surface brightness. As shown in Figure 3, such a
configuration fails to simultaneously account for both the low
surface brightness of the gap and the observed widths of two
tails. The observed emission level between tails is similar to
that outside tails. Basically, the width of the cylindrical shell
required to make the central emission dim also makes each
peak unacceptably narrow in relation to the observed profiles.
Thus, the two X-ray tails are most likely detached. This is also
supported by the Spitzer data (Sivanandam et al. 2010). The
8 µm PAH emission only appears in the first 20 kpc of the main
tail. The IRS data only cover a small field downstream but no

enhanced warm H2 emission is present at the front part of the
gap. Eventually, we need H i and CO data to better reveal the
distribution of the cold ISM downstream of ESO 137-001.

In principle, the surface brightness profiles along the tails
reflect the stripping history. As shown in Figure 5, both tails
have wiggles and substructures along the (time) axis. However,
the unknown conversion from the X-ray emission to the mass of
the stripped ISM (filling factor, detail of the emission spectra,
etc.) makes this difficult with only the X-ray data. A more
complete picture can be obtained with the H i and CO data.
From Figure 5, the total linear length of the whole tail system is
at least 4.′2 or 80 kpc. We also measured the widths of the main
tail in four segments (before sharp bends) and the widths of the
secondary tail in two segments. The model is composed of a
Gaussian and a flat local background. As shown in Figure 6,
the widths of both tails do not increase with the distance
from the galaxy. This conflicts with simulations (e.g., RB08;
Kapferer et al. 2009), as further discussed in Section 7.2. If
ESO 137-001 is moving supersonically, a bow shock may form.
The local sound speed is 1263 (kT /6 keV)1/2 km s−1. For a Mach
number of 1.1–3, the predicted position of the bow shock is
20′′–2′′ from the leading edge (or the contact discontinuity).
No such shock front is detected in the Chandra exposure.
The enhanced surface brightness would be much weaker in
projection on the sky, especially if ESO 137-001 is farther from
the cluster center than the projected position.

3.2. Spectral Properties

With this deep Chandra exposure, for the first time spatially
resolved spectroscopy can be done for X-ray stripping tails of
a cluster late-type galaxy. We measured gas temperatures in
five regions of the main tail and two regions of the secondary
tail (Figure 7). The background is from the local source-free
regions. A single APEC model with Galactic absorption was
used. We emphasize that the measured temperatures are only
spectroscopic temperatures as the intrinsically multi-phase gas
is fitted with a single-kT model. In fact, a hard X-ray excess
generally exists in the spectral fits, which implies the existence
of hotter components. However, with limited statistics, we
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