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ABSTRACT

The nearby group centered on its bright central galaxy NGC 1407 has been suggested by previous kinematic studies
to be an unusually dark system. It is also known for hosting a bright galaxy, NGC 1400, with a large radial velocity
(1200 km s−1) with respect to the group center. Previous ROSAT X-ray observations revealed an extended region
of enhanced surface brightness just eastward of NGC 1400. We investigate the NGC 1407/1400 complex with
XMM-Newton and Chandra observations. We find that the temperature and metallicity of the enhanced region are
different (cooler and more metal rich) than those of the surrounding group gas but are consistent with those of
the interstellar medium (ISM) in NGC 1400. The relative velocity of NGC 1400 is large enough that much of its
ISM could have been ram pressure stripped while plunging through the group atmosphere. We conclude that the
enhanced region is likely to be hot gas stripped from the ISM of NGC 1400. We constrain the motion of NGC 1400
using the pressure jump at its associated stagnation front and the total mass profile of the NGC 1407 group. We
conclude that NGC 1400 is moving within ∼30◦ of the line of sight with Mach number M � 3. We do not detect
any obvious shock features in this complex, perhaps because of the high line-of-sight motion of NGC 1400. With
an XMM-Newton pointing on the relatively relaxed eastern side of NGC 1407, we derive a hydrostatic mass for
this group of ∼1 × 1013 M� within 100 kpc. The total mass extrapolated to the virial radius (681 kpc) is 3.8 ×
1013 M�, which puts an upper limit of ∼300 M�/LB� on the mass-to-light ratio of this group. This suggests that
the NGC 1407 group is not an unusually dark group.

Key words: galaxies: clusters: individual (NGC 1407) – galaxies: clusters: intracluster medium –
galaxies: individual (NGC 1400)

Online-only material: color figures

1. INTRODUCTION

The nearby group centered on the elliptical galaxy NGC 1407
is notable because it appears to contain a bright lenticular galaxy,
NGC 1400, with a very large velocity (1200 km s−1) relative
to NGC 1407. This has led to suggestions that the NGC 1407
group is one of the darkest known galaxy systems (Gould 1993).
This group belongs to the Eridanus supergroup, which contains
three main groups: the NGC 1407 group, the NGC 1332 group,
and the Eridanus group (Brough et al. 2006). Among them the
NGC 1407 group is the most dynamically and morphologically
relaxed and NGC 1407 is the brightest galaxy in the supergroup.
The NGC 1407 group has relatively relaxed X-ray morphology
and has a cool core centered on NGC 1407 (Zhang et al. 2007).
NGC 1407 is X-ray luminous (LX = 8.6 × 1040 erg s−1 in
0.1–2.0 keV, within two optical effective radii; Su & Irwin 2013),
with evidence of recurrent radio outbursts (Giacintucci et al.
2012). The Eridanus supergroup may collapse into a massive
cluster in the future, with NGC 1407 as its future brightest
cluster galaxy.

Hierarchical structure formation theory predicts an upper
limit for the total M/L of galaxy systems, assuming high
mass systems are formed from low mass systems with similar
stellar mass fractions (Kauffmann et al. 1999; Marinoni &
Hudson 2002). The observational discovery of galaxy groups
and clusters with extremely small baryonic mass fractions may
indicate a gap in our knowledge about the current structure
formation paradigm (Balogh et al. 2008; Bower et al. 2006;
Giodini et al. 2009; Lin et al. 2003). The NGC 1407 group is a
possible example of such a system.

Romanowsky et al. (2009) found a very low baryon mass
fraction fb in the NGC 1407 group after using globular cluster
kinematics (within 60 kpc of NGC 1407) to measure the group
mass; extrapolating their results to the virial radius, they found
M/L ∼ 800 M�/LB� and fb ∼ 0.004, the latter being much
lower than the cosmological value of fb = 0.17 (Hinshaw et al.
2009). Zhang et al. (2007) studied the hot gas of this group with
Chandra ACIS-S X-ray observations centered on NGC 1407,
as well as ROSAT observations extending out to 75 kpc from
NGC 1407. Assuming hydrostatic equilibrium, they inferred a
smaller value of M/L = 311 ± 60 M�/LB� within its virial
radius. The large velocity difference places NGC 1400’s group
membership in doubt and casts more doubt on the total mass
(hence mass-to-light ratio) estimates for this group. Brough et al.
(2006) studied the galaxy dynamics of this group and derived
the total mass by both excluding and including NGC 1400 and
five other galaxies, which yielded low and high M/L estimates
of 600 and 1200 M�/LB�, respectively.

In estimating masses of galaxy groups, both X-ray techniques
and dynamical probes have their drawbacks. X-ray techniques
assuming hydrodynamic equilibrium may be affected by group
gas being out of equilibrium, having significant nonthermal
pressure support, and/or containing multiphase gas. Dynamical
analyses tend to lack the spatial extent of X-ray observations
and require assumptions about velocity distributions. Despite
the fact that there is no general consensus about the M/L of
the NGC 1407 group, all estimates to date are above the typical
range for groups, which is M/LB ∼ 60–300 M�/LB� (Eke
et al. 2006). In this paper, we reveal some thermal substructures
in the gas associated with NGC 1400, which undermines the
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Table 1
Observation Log

Mission Name Obs ID Effective Exposure R.A. Decl. Obs Date PI
(ks) (deg) (deg)

XMM West 0404750101 40, 37, 28 [m1, m2, pn] 54.91 −18.68 2007 Feb 11 B. Tully
East 0679600101 29, 29, 20 [m1, m2, pn] 55.23 −18.56 2012 Jan 15 Y. Su

Chandra N1400 14033 50 [ACIS-S] 54.92 −18.67 2012 Jun 17 Y. Su

Figure 1. XMM-Newton image (0.5–2.0 keV) of the NGC 1407/1400 complex.

(A color version of this figure is available in the online journal.)

assumption of hydrostatic equilibrium for X-ray analyses. This
motivated us to propose an XMM-Newton pointing on the eastern
side of the NGC 1407 group out to 100 kpc, where the thermal
structure is relatively relaxed, in order to better estimate the
total mass of this possibly dark system through hydrostatic
X-ray techniques.

We also analyzed the existing archival XMM-Newton pointing
on the western side of NGC 1407, which covers both NGC 1407
and NGC 1400. XMM-Newton imaging reveals an extended re-
gion of enhanced surface brightness just east of NGC 1400
(Figure 1), which was attributed to be a background object in the
previous ROSAT study (Zhang et al. 2007). We suspect that this
enhanced region is hot gas stripped out of NGC 1400 because
of its large relative velocity through the group. Furthermore,
we found an apparently heated region between NGC 1407 and
NGC 1400, potentially an indicator of an ongoing collision. An
additional XMM-Newton pointing covering the eastern side of
NGC 1407 provides us azimuthally complete coverage. This
helps us to diagnose whether the apparently heated region be-
tween NGC 1400 and NGC 1407 is indeed nongravitational
heating or simply a reflection of the gravitational well of the
NGC 1407 group. To further unveil the dynamical state of this
complex, we also acquired an additional Chandra ACIS-S point-
ing covering NGC 1400 and the enhanced region, which allows
us to infer the gas dynamics of the enhanced region. In this paper,
we present these observations and discuss their implications.

We assume H0 = 70 km s−1 Mpc−1, ΩΛ = 0.7, and
ΩM = 0.3. The central dominant galaxy NGC 1407 resides
at a luminosity distance of DL = 22.08 Mpc (1′ = 6.5 kpc;
NED4). Throughout this paper, all uncertainties are given at the

4 http://ned.ipac.caltech.edu

90% confidence level unless otherwise stated. Observations and
data reduction are described in Section 2. We report our results
in Section 3, describe our proposed scenario in Section 4, and
summarize our main conclusions in Section 5.

2. OBSERVATIONS AND DATA REDUCTION

The NGC 1407 group was previously observed on its western
side with XMM-Newton, with NGC 1400 in the field of view.
We proposed an XMM-Newton observation on the eastern side
of this group, away from NGC 1400. A mosaic image of these
two pointings is shown in Figure 1. Observation logs are listed
in Table 1. Only data from the MOS and PN detectors of the
European Photon Imaging Camera are reported in this paper.
The standard Science Analysis System (SAS 11.0.0)5 pipeline
tools were used throughout the analyses. The tasks emchain
and epchain were used to generate calibrated event files from
the raw data. MOS events were selected with event parameter
PATTERN� 12, while PATTERN � 4 was used to select PN
events. The removal of bright pixels and hot columns was done
by applying the expression (FLAG==0). Point sources resolved
with edetect_chain and verified by eye were removed. To
remove the soft proton flares from the source data, we used
the mos-filter and pn-filter tasks in XMM-ESAS. We also
extracted images in the soft energy band (0.3–1.0 keV) of each
pointing and detector to make sure there were no remaining soft
proton flares on any CCD chip. The remaining exposure times,
after filtering for background flares, are shown in Table 1.

We also observed NGC 1400 and the region of enhanced
surface brightness with Chandra ACIS-S. The observation log
is shown in Table 1. CIAO 4.5 and CALDB 4.5.56 were used
throughout the analysis. Data were reprocessed from level 1
events, which guarantees the use of updated and consistent
calibrations. Only events with grades 0, 2, 3, 4, and 6 were
included. We also removed bad pixels, bad columns, and
node boundaries. We filtered background flares with the
light curve filtering script lc_clean. The effective exposure
times are shown in Table 1.

2.1. Image Analysis

2.1.1. XMM-Newton

We extracted XMM-Newton images in the 0.5–2.0 keV energy
band for each pointing and detector from the processed and
filtered events files. We generated their exposure maps with
the SAS task exposure, which also corrects for vignetting. We
divided each image by its associated exposure map. For PN
images, we also performed out-of-time corrections. Exposure-
and vignetting-corrected images of MOS1, MOS2, and PN
were added together for both the western and eastern pointings.
Images were smoothed to achieve a signal-to-noise ratio of 40.
A final mosaic image (0.5–2 keV) for both western and eastern
pointings is shown in Figure 1.

5 http://xmm.esac.esa.int/sas/
6 http://cxc.harvard.edu/ciao/index.html
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Figure 2. Left: Chandra image (0.5–2.0 keV) of NGC 1400 and the region of enhanced surface brightness. Green cross in the upper left corner: position of NGC 1407.
White circles: positions of “knots” found in the XMM-Newton images; most of them are resolved to be point sources with the Chandra image. Right: Surface brightness
profiles centered on NGC 1400, averaged over the sectors labeled east, west, and middle on the Chandra image.

(A color version of this figure is available in the online journal.)

2.1.2. Chandra

We extracted Chandra images in three energy bands:
0.5–2.0 keV, 0.5–1.5 keV, and 1.5–3.0 keV. Bright point sources
resolved with wavdetect were removed, and we divided these
images by their exposure maps. We adopted “blank-sky” ob-
servations7 to estimate the background components. We scaled
the background level to the source data using the hard band
(10–12 keV) count rate ratios between the source data and blank
sky, and subtracted the background component from each image.
The final images were smoothed with a Gaussian kernel. The
Chandra image in the 0.5–2.0 keV band is shown in Figure 2.

2.2. Spectral Analysis with XMM-Newton

We extracted XMM-Newton spectra from 10 hemispherical
annular sections for each of the western and eastern pointings,
centered on NGC 1407 and extending westward and eastward.
Annular regions 1–10 on each side have radial ranges of 0′–1′,
1′–2′, 2′–3.′15, 3.′15–4.′3, 4.′3–5.′45, 5.′45–6.′6, 6.′6–8′, 8′–10.′5,
10.′5–13.′3, and 13.′3–16.′7, respectively, as indicated in Figure 3.
Their associated background spectra are extracted from filter
wheel closed (FWC) data8 for each region and detector (see
below). We adopted C-statistics for all our spectral analyses and
grouped spectra to have at least one count per bin. Redistribution
matrix files (RMFs) were generated for each region and detector
using the SAS task rmfgen; ancillary response files (ARFs) for
each region and detector were produced with the task arfgen.
We adopted the solar abundance standard of Asplund et al.
(2009) in thermal spectral models. Energy bands were restricted
to 0.3–7.0 keV for the MOS CCDs and 0.5–7.0 keV for the PN
CCDs, where the responses are best calibrated.

7 http://cxc.harvard.edu/contrib/maxim/acisbg/
8 http://xmm2.esac.esa.int/external/xmm_sw_cal/background/filter_closed/

Figure 3. XMM-Newton image of the NGC 1407/1400 complex (0.5–2.0 keV
band). Regions extracted for spectral analysis in eastern and western directions
are indicated.

(A color version of this figure is available in the online journal.)

2.2.1. Background Determination

We determined the particle background with FWC data. To
minimize the effect of instrumental variations over time, the
FWC data were selected from observations at times similar to
those of the western and eastern XMM-Newton pointings. The
exposure times of FWC data were chosen to be at least 30 ks
to ensure a sufficient signal-to-noise ratio. We processed and
filtered the FWC event files in the same way that we did for
the XMM-Newton observations of this group. The FWC event
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Table 2
X-Ray Background Determinations

Method SCXB
a NormCXB

b SMW
c NormMW

d SLB
c NormLB

d C/dof

Best-fit 33.46 14.70+5.53
−5.08 7.14 4.29+0.96

−0.91 4.05 22.07+3.54
−3.45 30641.57/29064

Marginalized 33.46 14.70 7.18 4.30 4.08 22.20

Notes.
a Surface brightness for CXB emission in 0.5–2.0 keV in units of ×10−9 erg s−1 cm−2 sr−1.
b Normalization of power-law component with photon index of 1.41, in units of photons s−1 cm−2 keV−1 sr−1 at 1 keV.
c Surface brightness for Galactic emissions in 0.5–2.0 keV in units of ×10−9 erg s−1 cm−2 sr−1.
d Normalization is the integrated line-of-sight emission measure, (1/4π )

∫
nenH ds, in units of 1014 cm−5 sr−1. Uncertainties of

surface brightnesses are proportional to these of normalizations.

files were then cast onto the same WCS positions and angles as
the associated source data. We obtained the 0.3–12 keV count
rates in the unexposed chip corners for both the FWC data and
source data for each pointing. We scaled the backgrounds of all
the FWC spectra by these count rate ratios (via the parameter
keyword BACKSCAL) before spectral analysis.

We used XSPEC to fit the spectra from regions 3–10 (2′–16.′7)
of both pointings simultaneously. We did not include re-
gions central 1 and 2 because the contribution from low mass
X-ray binaries (LMXBs) in NGC 1407 may be degenerate with
the cosmic X-ray background (CXB) component. In addition,
the central regions are more dominated by group emission. The
spectral model we adopted consists of the group emission and
the X-ray background. We used anapec thermal emission model
to represent the group emission (apecgroup), with a redshift fixed
at 0.0057 (NED). Our X-ray background model consists of an
apec thermal emission model for the Local Bubble (apecLB), an
apec thermal emission model for the Milky Way (apecMW) in
the line of sight (Smith & Cox 2001), and a power law with an in-
dex of 1.41 (powCXB) representing the CXB (De Luca & Molendi
2004). All these components but the Local Bubble were assumed
to be absorbed by foreground (Galactic) cool gas, with the ab-
sorption characterized by the phabs photoelectric absorption
model. Photoionization cross sections were from Balucinska-
Church & McCammon (1992). We adopted a Galactic hydrogen
column of NH = 5.4 × 1020 cm−2 toward NGC 1407, deduced
from the Dickey & Lockman (1990) map incorporated in the
HEASARC NH tool. The temperature, abundance, and normal-
ization of the apec model for the group emission were allowed
to vary independently within each region. The temperatures of
the Milky Way and Local Bubble components were fixed at
0.25 keV and 0.10 keV, respectively (Kuntz & Snowden 2000);
the abundance and redshift of these two local components were
fixed at solar and 0, respectively, in their corresponding apec
thermal emission models. The normalizations of the X-ray back-
ground were linked to each other by their areas to ensure that
each component had the same surface brightness in all regions.
The final spectral fitting model was

apecLB + phabs × (apecMW + powCXB + apecgroup). (1)

The best-fit surface brightness for each X-ray background
component is shown in Table 2. We performed Markov chain
Monte Carlo simulations for the spectral fits. With the margin
command in XSPEC, we marginalized over the uncertainties of
the normalization of each X-ray background component (CXB,
MW, and LB). Marginalized values are also shown in Table 2.

2.2.2. Projected Spectral Analysis of Group Emission

We fit the individual projected spectra of regions 1–10, for
both western and eastern pointings, with the model shown
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Figure 4. Projected temperature profiles centered on NGC 1407 and extending
eastward and westward.

(A color version of this figure is available in the online journal.)

in (1). For regions 1–2 only, we added an additional power-
law component with an index of 1.6 to represent unresolved
LMXBs (Irwin et al. 2003) in the central galaxy NGC 1407. All
background components were fixed at the surface brightness
values determined earlier. We obtained the best-fit projected
temperature profiles for both western and eastern pointings as
shown in Figure 4 and listed in Table 3; temperatures range from
0.8–1.3 keV.

2.2.3. Deprojected Spectral Analysis of Group Emission

We also performed a deprojected spectral analysis for
regions 1–10 of the eastern pointing only, since its thermal struc-
ture is less disturbed, without obvious substructure. We want to
deproject only the group emission, and XSPEC v12 allows us
to fit the group and X-ray background emission separately with
different models. We characterized the group emission with a
model of the form:

projct × [phabs × (apecgroup + pow1.6)],

where the projct model projects three-dimensional shells into
two-dimensional annuli with the same center; the pow1.6 model

4
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Table 3
Summary of Projected Fit Parameters for Group Emission in Regions 1–10

Annuli Temperature Abundance SX
a C/dof

(arcmin) (keV) (Z�)

0–1.00 0.91+0.01
−0.01 0.76+0.06

−0.04 2559.48+408.10
−471.37 1408.3/1400

1.00–2.00 1.25+0.06
−0.04 0.43+0.06

−0.06 397.23+31.21
−29.23 1714.0/1623

2.00–3.15 1.34+0.02
−0.10 0.48+0.20

−0.17 151.83+24.50
−24.10 1346.3/1377

3.15–4.30 1.22+0.09
−0.09 0.33+0.11

−0.08 80.51+11.40
−11.43 1776.2/1695

West 4.30–5.45 1.18+0.12
−0.08 0.49+0.27

−0.16 42.23+9.49
−11.94 1875.9/1842

5.45–6.60 1.22+0.07
−0.11 0.34+0.15

−0.11 40.26+7.79
−7.74 1951.6/1878

6.60–8.00 1.06+0.09
−0.06 0.34+0.11

−0.09 44.75+6.96
−6.88 2216.6/2075

8.00–10.50 1.08+0.07
−0.03 0.34+0.10

−0.07 41.57+5.88
−8.86 2270.0/2178

10.50–13.30 1.07+0.09
−0.08 0.18+0.04

−0.03 50.56+6.31
−6.29 2403.6/2158

13.30–16.70 1.04+0.12
−0.19 0.25 (fixed) 13.78+1.46

−1.29 2320.8/2139

0–1.00 0.93+0.01
−0.01 0.80+0.06

−0.02 2408.93+568.94
−429.13 1178.23/1227

1.00–2.00 1.30+0.02
−0.01 0.43+0.02

−0.04 363.85+24.44
−8.14 1491.89/1335

2.00–3.15 1.46+0.12
−0.16 0.37+0.03

−0.05 155.07+5.03
−12.07 1211.87/1285

3.15–4.30 1.34+0.23
−0.05 0.49+0.19

−0.15 70.82+8.75
−28.33 1433.26/1393

East 4.30–5.45 1.30+0.06
−0.07 0.27+0.03

−0.11 61.57+9.60
−9.60 1517.23/1567

5.45–6.60 1.32+0.16
−0.07 0.30+0.12

−0.10 49.50+9.95
−6.98 1835.24/1707

6.60–8.00 1.26+0.05
−0.06 0.32+0.11

−0.15 36.54+7.31
−3.37 1839.95/1833

8.00–10.50 0.95+0.03
−0.03 0.26+0.04

−0.07 37.18+2.73
−1.91 2391.51/2128

10.50–13.30 0.83+0.03
−0.03 0.15+0.11

−0.05 20.81+1.64
−3.12 2228.67/2110

13.30–16.70 0.86+0.05
−0.02 0.25 (fixed) 5.55+1.81

−1.25 2118.57/2098

Note. a Surface brightness of group emission (0.5–2.0 keV) in units of
10−9 erg s−1 cm−2 sr−1.

represents the LMXB component, with variable normaliza-
tions in (the central) regions 1–2 and zero normalization in
regions 3–10 outside the center. The X-ray background emis-
sion was characterized by a second (unprojected) model:

apecLB + phabs × (apecMW + powCXB),

with components described above. These two models were fit
simultaneously to the spectra. The surface brightness of each
background component was fixed as determined earlier. To
ensure the stability of the deprojected spectral fits, we had to
link the temperatures of regions 3 and 4, regions 5 and 6, and
regions 7 and 8. We also needed to tie the electron densities of
regions 7 and 8 together. Fitting results are listed in Table 4, and
the best-fit deprojected temperature profile is shown in Figure 5,
with temperatures ranging from 0.9–1.5 keV. The deprojected
electron density of each spherical annulus was calculated from
the best-fit normalization of the apecgroup component in each
deprojected shell. The normalization of the XSPEC apec model
is defined as

norm = 10−14

4π [DA(1 + z)]2

∫
nenHdV , (2)

where DA is the angular distance to the group, and V is the
volume of the spherical annulus. We assume that the hot gas
density has a single value in the given volume for each spherical
annulus. The deprojected electron density profile is shown in
Figure 6.

2.3. Temperature Map

We generated a temperature map from the western XMM-
Newton pointing (see Figure 7), using adaptive binning methods
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Figure 5. Deprojected temperature profile centered on NGC 1407, extending
eastward. Magenta line: best-fit temperature profile of Vikhlinin et al. (2006).

(A color version of this figure is available in the online journal.)

Table 4
Summary of Deprojected Fit Parameters for Group Emission in Regions 1–10

Annuli Temperature Abundance ne C/dof
(arcmin) (keV) (Z�) (× 10−3 cm−3)

0–1.00 0.88+0.01
−0.01 0.86+0.02

−0.03 8.27+0.09
−0.09

1.00–2.00 1.27+0.02
−0.09 3.70+0.08

−0.07

2.00–3.15 1.30+0.05
−0.05

}
1.54+0.10

−0.10
3.15–4.30

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

0.40+0.02
−0.02 0.55+0.06

−0.07

4.30–5.45 0.51+0.04
−0.04

}
1.28+0.06

−0.06 17831.8/17495
5.45–6.60 0.39+0.03

−0.03

6.60–8.00 }
1.08+0.04

−0.02

}
0.33+0.01

−0.018.00–10.50
⎫⎪⎬
⎪⎭ 0.34+0.02

−0.0210.50–13.30 1.08+0.08
−0.05 0.19+0.01

−0.01

13.30–16.70 0.97+0.12
−0.12 0.09+0.01

−0.01

Notes. To ensure the stability of the deprojected spectral fit, we had to link
the temperatures of regions 3 and 4, regions 5 and 6, and regions 7 and 8. We
also needed to tie the electron densities of regions 7 and 8 together. The metal
abundances of regions 2–6 and regions 7–10 were linked together, respectively.

described in detail in O’Sullivan et al. (2005) and Gu et al.
(2009). Within a region 140 kpc square (20′×20′) in the western
pointing, we defined 6000 knots randomly distributed with a
separation of Δij < 10′′ between any two knots i and j. To each
knot we assigned an adaptively sized circular cell, centered on
the knot and containing at least 3000 counts (after background
subtraction) in the respective energy band used for each detector
type. Typical cell radii ranged from ∼1′ near the group center
to ∼2′ at the edge of the field of view. For each circular cell
and detector, we generated the data spectrum, FWC background
spectrum, RMF, and ARF files. The spectrum of each cell was fit
to model (1), where the X-ray background components (apecLB,
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Figure 6. Deprojected electron density profile centered on NGC 1407, extending
eastward. Blue line: best-fit single β-model profile.

(A color version of this figure is available in the online journal.)

powCXB, and apecMW) were fixed as determined earlier. The
uncertainties of the best-fit hot gas temperatures were typically
<10% within the central 50 kpc, increasing progressively to
�15% at the field edge.

For any given sky position r(x, y), we define a scale s(r),
so that there are at least 3000 counts contained in a circular
region centered at r(x, y) within radius s(r). We calculate the
temperature T (r) at each position r(x, y) by integrating over all
the best-fit temperatures associated with each knot ri located
within the circular region:

T (r) =

∑
ri

Gri
Rr,ri

Tc(ri)∑
ri

Gri
(Rr,ri

)
, when Rr,ri

< s(r), (3)

where Rr,ri
is the distance from r(x, y) to ri , and Gri

is
the Gaussian kernel with scale parameter σ fixed at s(ri).
Since s(r) is essentially proportional to the square root of the
local counts, the obtained temperature T (r) is less affected by
the statistical uncertainties of surface brightness fluctuations.
Spatial resolutions of ∼10′′ are provided by the use of a compact
Gaussian kernel.

2.4. Stellar Mass Estimates from Infrared Imaging

We used K-band infrared imagery from the Wide-Field
Infrared Survey Explorer (WISE) public archive to determine
the stellar light distribution in the NGC 1407 group. We
analyzed a 42′ × 42′ image centered on NGC 1407. Point
sources were excluded and replaced with locally interpolated
surface brightness using the CIAO tool dmfilth. In our K-band
photometry we adopted the same radial annular regions that
we used in the XMM-Newton X-ray analysis (regions 1–10).
To determine the local infrared background surface brightness,

we used an offset region on the image, and we subtracted
this background surface brightness from the infrared surface
brightness in each of the areas subtended by regions 1–10.
We converted source counts in each region to a corresponding
magnitude and corrected for Galactic extinction. We adopted
a Solar K-band absolute magnitude of MK� = 3.28 (Binney
& Merrifield 1998) and derived the stellar mass by adopting a
stellar mass-to-light ratio of M∗/LK = 1.17 M�/LK� (Longhetti
& Saracco 2009).

3. RESULTS

3.1. NGC 1400 and the Region of Enhanced
Surface Brightness

As shown in Figure 1, the western XMM-Newton point-
ing revealed a region with enhanced surface brightness ∼3′
northeast of NGC 1400. We propose that this enhanced sur-
face brightness may be due to hot gas stripped from the in-
terstellar medium (ISM) of NGC 1400. As described later,
we also considered and rejected the possibility that this emis-
sion is due to an extended background object. For the west-
ern XMM-Newton pointing, we extracted spectra from a cir-
cular region centered on NGC 1400, with a radius of two
optical effective radii (re = 0.′49 = 3.2 kpc; RC3—de
Vaucouleurs et al. 1991), as well as from a circular region (radius
1.′4) covering most of the enhanced region. We adopted a local
background for the analysis of these two spectral sets so the
emission from group gas could be subtracted out; we extracted
the local background spectrum from a region in the eastern
pointing at a radial distance from NGC 1407 corresponding to
the average distance of the enhanced region and NGC 1400
from NGC 1407. We fit the spectrum of NGC 1400 with the
model phabs × (apecISM + pow1.6 + mekal + pow), following
Su & Irwin (2013). The thermal ISM emission is represented
by apecISM; the pow1.6 power-law component, with an index
fixed at 1.6, represents the contribution from unresolved LMXBs
(Irwin et al. 2003); and the mekal+pow components represent
faint stellar X-ray sources, such as cataclysmic variables (CVs)
and coronally active binaries (ABs). We fixed these CV/ABs
components at their estimated flux based on NGC 1400’s K-band
stellar luminosity (see Revnivtsev et al. 2008 for details).

We found an ISM temperature of 0.68+0.06
−0.05 keV for NGC 1400

(see Table 5). We could not constrain the metal abundance of
its ISM, so we subsequently fixed it at 0.7 Z�, which is the
average ISM metallicity in the early-type galaxy sample of Su
& Irwin (2013). We fit the spectrum of the enhanced region with
a simpler model phabs×apec, since there are no stellar sources
in this region. The best-fit temperature of the enhanced region
is 0.81+0.03

−0.03 keV (see Table 5), similar to the ISM temperature
of NGC 1400 and somewhat cooler than adjacent group gas
(kT ≈ 1 keV). The best-fit abundance of the enhanced region
is 0.49+0.33

−0.14 Z�, which is twice as high as that of group gas
in the eastern pointing at the same radius from NGC 1407 as
this enhanced region (0.26+0.04

−0.07 Z�; see Table 3, eastern bin
from 8–10.′5). This abundance is consistent with typical ISM
metal abundances (∼0.7 Z�) found in early-type galaxies of this
optical luminosity (Su & Irwin 2013). While the temperature of
the enhanced region is similar to that of the ISM of NGC 1400, its
temperature and abundance differ from those of the surrounding
group gas. This strongly suggests that the enhanced surface
brightness region is ISM stripped from NGC 1400.

Note that when fitting multiple thermal components with a
single temperature model, the best-fit metal abundance tends

6
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Figure 7. Temperature map (in keV) for the NGC 1407/1400 complex obtained with the western XMM-Newton pointing using adaptive binning.

(A color version of this figure is available in the online journal.)

Table 5
Summary of Parameters for NGC 1400 and the Enhanced Region

Name Aperture T LX
a LK Fe C/dof

(arcmin) (keV) (1039 erg s−1) (1010 LK� )

NGC 1400 0.98 0.68+0.06
−0.05 3.1 1.1 0.7 (fixed) 1157.78/1242

enhanced region 1.40 0.81+0.03
−0.03 4.3 0 0.49+0.33

−0.14 1419.58/1600

Note. a X-ray luminosity of hot gas in 0.1–2.0 keV.

to be biased low (because of the so-called “Fe-bias” (Buote
2002)). The putative stripped gas is embedded in group gas,
so the extracted spectrum likely contains multiple temperature
components. Unfortunately, the current data do not allow us to
constrain such two-temperature gas models, as was done in Su
& Irwin (2013) for a sample of early-type galaxies. Thus, the
current ∼0.5 Z� abundance result should be taken as a lower
limit to the hot gas metallicity of the enhanced region. This
is still consistent with the enhanced surface brightness region
being ISM stripped from NGC 1400.

We determined 0.1–2.0 keV X-ray luminosities of 3.1 ×
1039 erg s−1 for the ISM in NGC 1400 and 4.3×1039 erg s−1 for
the enhanced region. Using the WISE image, we determined the
K-band luminosity of NGC 1400 to be 1.1 × 1010 LK� within
two optical effective radii. We compared the X-ray-infrared

luminosity ratio (LX/LK ) of NGC 1400 with those of other
early-type galaxies studied by Su & Irwin (2013). There is a
large scatter in LX/LK , and NGC 1400 is near the bottom of the
range. After adding the X-ray luminosity of the enhanced region
to that of NGC 1400’s ISM, the LX/LK ratio of NGC 1400
becomes closer to the average value of these systems. This
supports the possibility that the enhanced region consists of
ISM stripped from NGC 1400.

Given that its X-ray emission is extended, this enhanced re-
gion may be a background galaxy cluster or group. If so, it should
host at least one galaxy as luminous as NGC 1407, which has
an absolute magnitude of MK = −25.74 within two effective
radii (Su & Irwin 2013; re = 1.′17, from the RC3). Inspec-
tion of archived 2MASS images revealed no infrared counter-
part anywhere within the enhanced region. Since 2MASS has
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a detection limit of mK = 14.3, this implies that a putative
background galaxy should be further than DL � 1000 Mpc
to be undetected. At this distance, the enhanced region would
have a physical radius of 300 kpc, too small for typical clus-
ters but comparable to some small groups. To test whether the
enhanced region could be a galaxy group at this distance, we
fit its X-ray spectrum to an apec thermal emission model with
a redshift of 0.24 (DL ≈ 1000 Mpc). We obtained a best-fit
LX,bol of ∼1.0 × 1043 erg s−1 and temperature of 1.4 keV, typi-
cal of a galaxy group. However, the best-fit metal abundance is
1.6+1.1

−0.6 Z�, too large for the metallicity of intragroup medium
(Sasaki et al. 2014). We also allowed the redshift in the apec
thermal emission model to freely vary and obtained a best-fit
redshift of −0.008, temperature of 0.81 keV, and metallicity of
0.48 Z�. Consequently, we believe that the enhanced region is
unlikely to be a background object.

The XMM-Newton image suggests that there is a sharp edge
on the eastern side of the enhanced region. We found from
Chandra imaging that the several knots along this apparent edge
in the XMM-Newton image are actually point sources. Figure 2
shows the Chandra ACIS-S image in the 0.5–2.0 keV band,
after point sources were removed. Figure 2 also shows surface
brightness profiles centered on NGC 1400, extending across the
enhanced region, as well as toward other directions. With point
sources removed, there is no sharp edge on the eastern side of
the enhanced region.

3.2. Thermal Structures in the Group Gas

In Section 2.3, we described the creation of an adaptively
binned temperature map (see Figure 7) of the NGC 1407/1400
complex, using the western XMM-Newton pointing. In this map
the average temperature of the group gas is ∼1 keV, and there is
an obvious cool core associated with NGC 1407. NGC 1400 and
the enhanced region have a lower temperature (∼0.7–0.8 keV)
than the group gas. There appears to be an arc of hotter gas
(∼1.3 keV) ranging from southeast to north of NGC 1400. There
are several possibilities for the presence of this hot arc. First, this
is a cool core system; such systems generally have temperature
profiles rising from the center out to 0.1–0.3 virial radii, then
declining outward, tracing the gravitational well (see Vikhlinin
et al. 2006 for cool-core clusters and Sun et al. 2009 for cool-
core groups). In this scenario, this hot arc corresponds to the
annulus of the maximum temperature. A second possibility is
that NGC 1400 is moving eastward, as well as along the line
of sight, and colliding with the NGC 1407 group atmosphere,
consequently causing such a hot arc. A third possibility is that
NGC 1400 has already passed through the inner atmosphere of
NGC 1407 and is moving westward as well as along the line of
sight, leaving a heated region behind; this would be analogous
to the motion of NGC 541 in A194 (Bogdan et al. 2011).

To investigate the origin of this hot arc, we performed
a more azimuthally complete study of the thermal structure
of the NGC 1407 group by combining the XMM-Newton
observations on both sides of NGC 1407. We first derived
the projected temperature profiles for the eastern and western
sides, as shown in Figure 4. The temperature profiles within 7′
(46 kpc) of NGC 1407 on both sides are consistent within their
uncertainties. The hot arc between the enhanced region and
NGC 1407 found in Figure 7 corresponds to western bins 3–6,
as shown in Figures 3 and 4. These regions are somewhat
warmer, but consistent within the uncertainties, compared to
the other side of NGC 1407 at the same radii. Furthermore,
as we discuss later, shock heating in this system may not be

observable because of projection effects. Nonetheless, the 7th
radial bin (r = 7.′3 = 46 kpc; just east of the enhanced region)
in the western pointing is hotter than the annular section at
the same radius in the eastern pointing. Although there is no a
priori reason to expect the NGC 1407 group to have a perfectly
symmetric temperature profile, we discuss possible causes of
this localized heating in the Discussion section.

3.3. Hydrostatic Mass Estimate for the NGC 1407 Group

We derived the deprojected temperature and electron density
profiles of the NGC 1407 group from a deprojected spectral
analysis of the eastern XMM-Newton pointing, as shown in
Figures 5 and 6. We fit the deprojected temperature profile
with the three-dimensional temperature profile calibrated by
Vikhlinin et al. (2006):

T (r) = [T0(r/rcool)acool + Tmin]

[(r/rcool)acool + 1]

(r/rt )−a

[1 + (r/rt )b]c/b
; (4)

we obtained a best fit of [T0, rcool, acool, Tmin, rt , a, b, c] =
[2.68, 81.97, 0.024, 0.180, 167.1,−0.34, 10, 0.65]. We fit the
deprojected electron density profile to a single β-model in the
form of

ne(r) = ne0[1 + (r/r0)2]−3β/2, (5)

obtaining best-fit values of ne0 = 0.96 cm−3, r0 = 0.174 kpc,
and β = 0.47.

The deprojected temperature and density profiles derived
from the more hydrodynamically relaxed eastern pointing were
used to calculate the total mass distribution, using the equation
of hydrostatic equilibrium:

M(r) = −kT (r)r

μmpG

(
d ln ρg(r)

d ln r
+

d ln T (r)

d ln r

)
. (6)

Uncertainties in mass estimates were estimated through Monte
Carlo realizations of the temperature and density profiles.
The total mass within 100 kpc is 1.0+0.06

−0.07 × 1013 M�, and
the associated enclosed baryon mass fraction is fb ∼ 0.06.
We found that varying the surface brightness of the X-ray
background components by 20% affects our total mass estimate
by ∼10%. Total mass and gas/stellar mass profiles are shown
in Figure 8. In the regions of overlap, our results are consistent
with the joint ROSAT/Chandra studies of this group by Zhang
et al. (2007).

We obtained the dark matter distribution in this group by
subtracting the baryonic mass distribution from the total mass
distribution. In Figure 8, we compare the enclosed dark matter
mass profile with the quasi-universal enclosed dark matter mass
profile of Navarro et al. (1997):

M(r) = 4πδcρc(z)rs
3m(r/rs), where m(x)

= ln(1 + x) − x

1 + x
. (7)

This is derived from the dark matter density profile

ρ(r) = ρc(z)δc

(r/rs)(1 + r/rs)2
, (8)

where rs is a scaling radius, ρc(z) = 3H (z)2/8πG, and

δc = 200

3

c3

ln(1 + c) − c/(1 + c)
,

8
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Figure 8. Black solid circles: profile of the enclosed total mass of the NGC 1407
group, as derived from the eastern XMM-Newton pointing. Red open circles:
enclosed stellar mass profile. Blue open circles: enclosed gas mass profile. Pink
open circles: enclosed dark matter profile. Green line: best-fit NFW dark matter
mass profile, with a concentration of c = 12.11 ± 1.80 and a scaling radius of
rs = 56.2 ± 13.8 kpc.

(A color version of this figure is available in the online journal.)

from which we can determine the dark matter concentra-
tion c. We derived values of c = 12.11 ± 1.80 and rs =
56.2 ± 13.8 kpc. The virial radius is Rvir = 681 ± 193 kpc,
derived from the definition of c (≡ Rvir/rs); the extrapolated
total mass within Rvir is 3.75 ± 0.57 × 1013 M�.

We calculated the K-band mass-to-light ratio to be
15.8 M�/LK� within 100 kpc. This corresponds to a B-band
M/LB of ∼80 M�/LB� , assuming LK�/LB� = 5 (Nagino &
Matsushita 2009). Since we do not know the stellar mass of
this group beyond 100 kpc, the extrapolated total mass within
the virial radius (3.75 × 1013 M�) provides an upper limit of
59.4 M�/LK� (≈300 M�/LB� ) for the total M/L within Rvir.

4. DISCUSSION

Here we consider a scenario where NGC 1400 is moving
toward us through the atmosphere of the NGC 1407 group, with
a velocity mostly along the line of sight and slightly westward,
as illustrated in Figure 9. The outer ISM of NGC 1400 has
been stripped and trails behind, creating the region of enhanced
surface brightness east of NGC 1400.

4.1. The Motion of NGC 1400 and the Length
of its Stripped Tail

NGC 1400 has a line-of-sight velocity of 1200 km s−1 relative
to NGC 1407. The projected distance between NGC 1407 and
NGC 1400 is 78 kpc (11.′9). Here we try to place some rough
limits on the total velocity of NGC 1400 relative to NGC 1407.

The position of the enhanced region implies that NGC 1400
has a westward velocity component. We estimate the westward
velocity of NGC 1400 through the pressure jump it has induced
beyond the western leading edge. We follow the treatment of

Figure 9. Illustration of NGC 1400 having its ISM partially stripped out while
moving through the group gas of NGC 1407 (top view, perpendicular to line of
sight).

(A color version of this figure is available in the online journal.)

Vikhlinin et al. (2001) for the motion of a blunt body through
intracluster gas: the pressure difference between a distant “free
stream” region and the stagnation point (where the local relative
velocity is brought to zero at the body’s leading edge) is related
to the velocity (Mach number) in that direction (Landau &
Lifshitz 1987):

p1

p2
=

(
1 +

γ − 1

2
M2

ap

) γ

γ−1

for Map � 1 (subsonic); (9)

p1

p2
=

(
γ + 1

2

) γ +1
γ−1

M2
ap

×
(

γ − γ − 1

2M2
ap

)− 1
γ−1

for Map > 1 (supersonic); (10)

where the adiabatic index γ = 5/3. We were unfortunately
unable to identify a clear leading edge, likely because of the
high line-of-sight motion of NGC 1400 and the tenuousness
of the group gas west of NGC 1400. Instead, we obtained a
constraint from the (factor of 3.4) jump in surface brightness in
the Chandra profile westward of NGC 1400 from 50′′ to 100′′,
which likely spans a range of radii from just within the stagnation
radius to the free stream region. We assume the density jump
equals the square root of surface brightness jump (thus a factor
of 1.85). The temperature of the group gas at the stagnation
point (∼1 keV) is calculated from Equation (4) for regions
at the same radius from NGC 1407 as NGC 1400. We take the
temperature of the enhanced region (0.8 keV) as the temperature
of regions just inside the leading edge. The apparent pressure
jump is thus 1.5, corresponding to an apparent Mach number
of Map = 0.74. The sound speed of the NGC 1407 group gas
is cs = (γ kT /μmH )1/2 = 507 km s−1, where the group gas
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temperature kT ≈ 1 keV. The inferred tangential velocity is
vtan = Mapcs = 0.74×507 km s−1 = 375 km s−1. This gives us
a total velocity of 1257 km s−1 (M ≈ 2.5) for NGC 1400, in a
direction θ = 20◦ from the line of sight. However, unlike cases
in A3667 (Vikhlinin et al. 2001), NGC 1404 (Machacek et al.
2005), and A194 (Bogdan et al. 2011), the motion of NGC 1400
seems to have a high line of sight which makes it difficult to
infer its tangential velocity through this method.

We used the total mass profile of the NGC 1407 group (derived
in Section 3.3 and indicated by the green line in Figure 8) to
provide an additional constraint on the motion of NGC 1400.
We first constrained the total velocity of NGC 1400 by assuming
it resides at the same distance as NGC 1407, so their physical
separation is the same as their projected distance. If NGC 1400
experienced free-fall from infinity to its current position, we
deduced from the group mass profile that NGC 1400’s total
relative velocity would be 1500 km s−1. Considering that
NGC 1400 has a line-of-sight velocity vlos = 1200 km s−1

and its projected separation from NGC 1407 is only a lower
limit to NGC 1400’s distance from the group center, we infer
that NGC 1400’s velocity in the plane of sky is <900 km s−1

and |θ | < 36.◦9. If we instead assume that NGC 1400 has no
velocity component in the plane of sky (θ = 0◦), its current
velocity (v = 1200 km s−1) then requires that NGC 1400 resides
at a distance 400 kpc closer (or farther) than NGC 1407. Given a
possible velocity range of 1200–1500 km s−1, the Mach number
M ≡ v/cs would be in the range of 2.4–3. Our previous estimate
of the motion (Mach number) of NGC 1400, derived from the
observed pressure jump at its leading edge, lies in this range.

Since the strength of ram pressure stripping is proportional
to the ambient gas density, significant stripping is most likely to
occur near the group center, given the low average gas density of
this group. Given the proximity of the stripped tail to NGC 1400,
this implies that NGC 1400 likely resides near the group center,
so its projected distance from NGC 1407 should be comparable
to its physical separation. This leads us to prefer the higher total
velocity estimates.

If the surface brightness enhancement east of NGC 1400 is
indeed the stripped tail of NGC 1400 (see Section 3.1), the
direction of NGC 1400’s motion allows us to infer the tail
length, assuming the tail is aligned with the current direction
of NGC 1400’s motion. The projected length of NGC 1400’s
tail (the projected northeast–southwest extent of the enhanced
region) is ∼25 kpc. Since NGC 1400 is estimated to be moving
at an angle θ ≈ 30◦ from the line of sight, the actual tail
length is ∼50 kpc. In numerical simulations of ram pressure
stripping, typical lengths of stripped tails are ∼40 kpc (Roediger
& Bruggen 2008). Observationally, there is a large scatter in
reported tail lengths (Sun et al. 2007), and some can be as long
as ∼380 kpc (M86—Randall et al. 2008). There are various
factors that can affect the length (or morphology) of stripped
tails, such as the velocity of the moving galaxy, the timescale
of the stripping process, the relative emissivities of the tail and
the ambient intracluster medium (ICM), and projection effects
(Ruszkowski et al. 2012). In summary, our preferred scenario is
illustrated in Figure 9, where NGC 1400 is moving through the
atmosphere of the NGC 1407 group at an angle of ∼30◦ from
the line of sight, with a total relative velocity of ∼1400 km s−1.

4.2. The Apparent Absence of Shock Heating

Most merger shocks reported to date have been found in
galaxy clusters (e.g., A3376, Sarazin et al. 2013), rather than
in galaxy groups. Shocks found in groups are usually related

instead to Active galactic nucleus (AGN) feedback (HCG
62—Gitti et al. 2010). One exception is A194, a poor cluster
(kT ∼ 2 keV) observed to have a merger shock: its member
galaxy NGC 541 has a velocity of 788 km s−1 with respect to
the cluster center and has a reverse shock withM ≈ 0.9 (derived
from a discontinuity in its pressure profile; Bogdan et al. 2011).
In the NGC 1407 group, NGC 1400 has a velocity of at least
1200 km s−1 (M � 2.4) relative to the group center. Thus, we
expect to observe some evidence of a shock, such as density
discontinuities and shock heating. From the Rankine–Hugoniot
jump conditions (Landau & Lifshitz 1987), the expected density
and temperature jumps can be expressed as a function of the
Mach number:

ρ2

ρ1
= M2(γ + 1)

2 + M2(γ − 1)
, (11)

T2

T1
= [(γ − 1)M2 + 2][2γM2 − (γ − 1)]

(γ + 1)2M2 . (12)

NGC 1400 is moving with M � 2.4, so the expected density
jump is ρ2/ρ1 � 2.6 and the expected temperature jump is
T2/T1 � 2.6.

Given that the group gas temperature is ∼1 keV, we expect
to observe some gas heated to �2.6 keV in the field of view.
However, we do not detect obvious shock features. A similar
situation has been reported for M86 in the Virgo cluster. It has
a line-of-sight velocity difference of 1550 km s−1 with respect
to M87 at the cluster center, which is almost twice the sound
speed of the cluster gas (850 km s−1). In spite of a Mach number
M ≈ 2, no shock feature has been found around M86 (Randall
et al. 2008); the absence of shock features has been attributed to
projection effects (Mazzotta et al. 2001; Rangarajan et al. 1995).
Akahori & Yoshikawa (2010) simulated cluster shock features
as a function of viewing angle. They found that sharp surface
brightness discontinuities at shock layers are clearly visible only
when the collisional direction is nearly perpendicular to the line
of sight (θ = 90◦). The apparent Mach number can be reduced
by more than 60% when θ is smaller than 30◦. The motions of
M86 and NGC 1400 are nearly line of sight (θ � 30◦), so shock
features may be smeared out by projection effects. This is in
sharp contrast to the case of A194, where the motion of NGC 541
is almost perpendicular to the line of sight (Bogdan et al. 2011).
Our current X-ray data do not allow us to constrain spectrally
whether there is a layer of shocked group gas superposed on
ISM stripped from NGC 1400, as well as unshocked group gas.

In addition to being washed out by projection effects, the
observability of a shock may be affected by ions and electrons
being out of thermal equilibrium. The ion temperature may
indicate a shock, but it takes a finite time for the electrons to
equilibrate with the ions and also exhibit the shock temperature.
Most of the shock energy would be initially converted to the
thermal energy of ions in the post-shock region because of the
mass difference between ions and electrons (Spitzer 1962; Wong
& Sarazin 2009; Akahori & Yoshikawa 2010). The timescale for
electron–ion thermal equilibration through Coulomb collisions
is given by

tei ≈ 6.3 × 107 (Te/107 K)3/2

(ne/10−4 cm−3)(lnΛ/40)
yr (13)

(Rudd & Nagai 2009), where ln Λ ≈ 40 is the Coulomb
logarithm. Electron–ion thermal equilibrium usually is achieved
in the inner regions of galaxy clusters, where the equilibration
time is shorter than the dynamical timescale. Departure from this
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Figure 10. Left: XMM-Newton image of NGC 1407/1400 (0.5–2.0 keV band). White annular section: the seventh bin of western pointing, which exhibits heating.
Red line: proposed path of ISM stripped from NGC 1400. Cyan cross: position of NGC 1407. Green cross: position of NGC 1400. Right: tei and telapsed as functions
of distance from NGC 1400 across the enhanced region, as shown in the red line in the left image. The seventh bin (beyond 25 kpc) is most likely to be in thermal
equilibrium.

(A color version of this figure is available in the online journal.)

equilibrium has been proposed to occur in the outskirts of galaxy
clusters where the electron density is small and the equilibration
time is relatively long (Fox & Loeb 1997; Hoshino et al.
2010). The group gas of NGC 1407 has a smaller gas density
(ne ∼ 10−4 cm−3) than similar regions in galaxy clusters. Thus,
we examined the thermal equilibrium condition for this system.
We assume that the shock has started at what is now the end
of the tail (corresponding to the seventh bin of the western
pointing) and propagated following the motion of NGC 1400, as
indicated in Figure 10 (left). For regions between the end of the
tail and NGC 1400, we calculated tei as a function of (projected)
distance to NGC 1400.9 We estimated the time elapsed since the
passage of a putative shock (telapsed), assuming NGC 1400 has
tangential velocity of 800 km s−1 along the (projected) length
of the stripped tail. We compare tei and telapsed in Figure 10
(right). For regions within 25 kpc (projected) of NGC 1400, the
electrons might not have had enough time to equilibrate with
ions, consequently leading to the absence of evidence for shock
heating. The end of the tail (beyond 25 kpc) should be in thermal
equilibrium. Interestingly, we did observe slight extra heating
(temperature increasing by 0.2 keV or ∼20%) in the seventh
bins with XMM-Newton observations. In principle, we should
observe transitional shock heating regions along the path of
NGC 1400 (on its eastern side), as ion–electron equilibrium
is gradually established. Unfortunately, these XMM-Newton
and Chandra data do not allow us to resolve this; we would
need deeper Chandra observations with more areal coverage to
test this.

4.3. Stripping Conditions

4.3.1. Ram Pressure Stripping

For a consistency check, we studied the conditions for
ram pressure stripping in the NGC 1407 group. The ISM of
NGC 1400 would be stripped when the ram pressure (Pram =
ρgasv

2) exceeds the gravitational restoring force per unit area

9 ne and Te are calculated from Equations (4) and (5), respectively, derived
with the eastern pointing.

(Gunn & Gott 1972):

Pram >
F

A
⇒ ρICMv2 >

GMtot

RISM
2

MISM

πRISM
2 , (14)

for a galaxy with a total mass of Mtot and a characteristic
radius of RISM (the radius of the galaxy at which the stripping
occurs), moving with total velocity v through cluster gas with
density ρISM . While this was originally derived for disk galaxies,
McCarthy et al. (2008) developed an analogous model for the
ram pressure stripping of galaxies with spherically symmetric
gas distributions. Their model, which is more suitable for early-
type galaxies with an extended atmospheres, yields the ram
pressure stripping condition:

Pram = ρICMv2 >
π

2

GMtotρISM

RISM

, (15)

where ρISM is the ISM gas density in the galaxy.
To examine this condition, we first fit the surface brightness

profile of the “middle” direction from NGC 1400 (shown in
Figure 2) to a β-profile:

I (r) = I0

[
1 +

(
r

rc

)2
]−3β/2+1/2

. (16)

We obtained β = 0.27 and rc = 0.93 kpc. Assuming isothermal
gas, this corresponds to an ISM density profile of

ρISM (r) = ρ0

[
1 +

(
r

rc

)2
]−3β/2

. (17)

The X-ray luminosity of the enhanced region is comparable
to the hot gas luminosity of NGC 1400. Thus, roughly half of
NGC 1400’s ISM has been stripped, corresponding to a radius
ranging from 6.4 kpc to 8.7 kpc, derived from the volume
integration of the ISM density profile. Thus, we adopted a
characteristic radius of RISM = 7.6 kpc for this ram pressure
stripping process. This calculation also lead us to obtain the
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value of ρ0 = 0.012 cm−3, using the ISM mass of NGC 1400,
determined through the best-fit normalization in the spectral
analysis of Section 3.1. The density of group gas is chosen to
be ρICM = 2.5 × 10−4 cm−3, calculated from Equation (5) for
regions at the same radius from NGC 1407 as the enhanced
region. The ISM density ρISM = 2.2 × 10−3 cm−3 is calculated
from Equation (21) at a radius of RISM = 7.6 kpc. We estimated
the total mass of NGC 1400 enclosed within a spherical
radius r through the hydrostatic equilibrium equation shown in
Equation (6). We chose r to be the same as RISM = 7.6 kpc. The
gas density gradient is chosen to be −3β = −0.81 at this radius,
and we assume the temperature gradient is zero. We obtained
a total enclosed mass of Mtot = 1.5 × 1011 M�. We calculated
through Equation (19) that the relative velocity of NGC 1400
needs to be ∼1275 km s−1 to have the gas in the enhanced
region stripped via ram pressure. This value lies in a possible
range (1200–1500 km s−1) of its total velocity estimated in
Section 4.1. Therefore, ram pressure stripping alone is capable
of forming the enhanced region.

Once the stripping condition is satisfied, we can estimate the
timescale for the ram pressure stripping process, which is given
by

tram = (d ln mISM/dt)−1, (18)

so that

tram ≈ R

v

(
2ρISM

ρICM

)1/2

≈ 3 × 107

(
ρISM

ρICM

)1/2

×
( v

103 km s−1

)−1
(

R

20 kpc

)
yr (19)

(Takeda et al. 1984). It takes ∼30 Myr to have the hot gas
in the enhanced region stripped from NGC 1400 through ram
pressure. Given that NGC 1400 may have a tangential velocity of
≈800 km s−1 (Section 4.1), it may have traveled for �25 kpc in
the plane of sky within this time. This is in excellent agreement
with the projected tail length.

4.3.2. Turbulent and Viscous Stripping

Ram pressure is not the only possible stripping mechanism.
There are other processes such as turbulence and viscosity that
may contribute to the stripping of ISM, as noted by Nulsen
(1982). The Reynolds number (Re) is the ratio of inertial to
viscous forces, which can be obtained through

Re = 2.8 (r/λ)(vgal/cs) (20)

(Batchelor 1967); r and vgal are the radius and velocity of the
moving galaxy, respectively, and λ is the effective mean free
path of ions in the hot gas, which can be calculated through

λ = 23

(
T

108 K

) ( ne

10−3 cm−3

)−1
kpc (21)

Sarazin (1988).
For low Reynolds numbers (∼10), laminar viscous flow

occurs, characterized by smooth constant fluid motion, while
for high Reynolds numbers (∼2000) turbulent flow occurs,
producing various instabilities. For NGC 1400 we assume
r = 8.6 kpc and v = 1400 km s−1; and T and ne are taken
to be 1.1 keV and 2.5 × 10−4 cm−3, respectively, derived
from Equations (4) and (5); thus, we estimate that Re = 5.9,
so laminar viscous stripping is preferred (in the absence of
magnetic fields).

For turbulent stripping, the typical mass-loss rate of the ISM
is approximately (Nulsen 1982):

Ṁtur ≈ πr2ρICMvgal = 0.69
( ne,ICM

10−3 cm−3

)

×
(

r

2.5 kpc

)2 ( vgal

1200 km s−1

)
M� yr−1. (22)

This gives a typical stripping timescale of (Sun et al. 2007)

tstrip =
∫

dM

Ṁ
= 4

nICMvgal

∫
n(r)dr

= 0.224 g1

( ne0

0.2 cm−3

) ( nICM

10−3 cm−3

)−1

×
(

r0

0.4 kpc

)( vgal

1400 km s−1

)−1
Gyr, (23)

where g1 =
∫

(1 + x2)−1.5βdx, x = r/r0,

and r0 and β are the parameters in the β-model of the deprojected
electron density profile. A stripped radial range from 6.4
to 8.7 kpc corresponds to g1 = 0.41. We estimate from
Equation (23) that the enhanced region has been stripped during
the last 19 Myr.

For viscous stripping, the typical mass-loss rate of the ISM is
approximately (Nulsen 1982):

Ṁvis ≈ πr2ρICMvgal (12/Re). (24)

In the case of NGC 1400, Ṁvis ≈ 2.1 Ṁtur, so the timescale for
viscous stripping is half that of turbulent stripping.

Although analytical methods show that viscous stripping
can be very efficient in extracting gas from galaxies (e.g.,
Nulsen 1982), some (hydro)dynamical simulations indicate that
magnetic fields could greatly reduce the effects of viscosity
(e.g., Roediger & Bruggen 2008). Measurements of radio
continuum emission and Faraday rotation show that magnetic
fields commonly exist in galaxy clusters, with strengths of
the order of 1 μG (Govoni & Feretti 2004; Bonafede et al.
2010). To include the effects of magnetic fields, we invoke a
suppression factor (fv), relating a corrected Reynolds number
to the original unmagnetized version: Rem = Re f −1

v . Narayan
& Medvedev (2001) found fv of 0.01–0.2 in intracluster gas, so
the corrected Reynolds number Rem should be in the range of
30–550 for NGC 1400 and the enhanced region. This points to
a more turbulent, less viscous case than our original estimate.
Roediger & Bruggen (2008) demonstrate through simulations
that intracluster gas flows through galaxies more smoothly in
the viscous case, while Kelvin–Helmhotz and Rayleigh–Taylor
instabilities occur when the viscosity is suppressed, leading to
vortices and turbulence.

4.4. M/L and the Group Membership of NGC 1400

Romanowsky et al. (2009) studied this group using the kine-
matics of its globular clusters within 60 kpc. They extrapo-
lated a virial mass of ∼6 × 1013 M� and an associated M/L of
∼800 M�/LB� . This large M/L would make NGC 1407 an un-
usually dark system and may require a large amount of baryons
to be lurking in an undetected phase (Romanowsky et al. 2009).
In our study, we derived the hydrostatic mass of this group with
an XMM-Newton pointing east of NGC 1407. We determined
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a total mass within 100 kpc of ∼1 × 1013 M� and an extrap-
olated virial mass of only 3.75 × 1013 M� for this group. The
disagreement between the total mass estimated through globular
cluster kinematics and that determined through X-ray analysis
of hot gas is rather common for early-type galaxies, some of
which are at group centers (e.g., M87: Murphy et al. 2011;
NGC 4636: Johnson et al. 2009; NGC 4649: Shen & Gebhardt
2010; NGC 3923: Norris et al. 2012). The biggest problem
with the X-ray modeling involves the possible lack of hydrody-
namic equilibrium or the presence of nonthermal pressure sup-
port, due to magnetic fields, gaseous turbulence, or cosmic rays
(Churazov et al. 2010; Shen & Gebhardt 2010). Some studies
show that the contribution from nonthermal pressure is much
smaller than thermal pressure for early-type galaxies (Brighenti
et al. 2009), as well as within R500 for groups and clusters (Shaw
et al. 2010). Moreover, the eastern side of NGC 1407 that we
used to derive a hydrostatic mass appears relatively relaxed and
thus is likely to be close to hydrostatic equilibrium. On the
other hand, the biggest concerns with the globular cluster probe
include the unknown galaxy inclination and potentially com-
plex orbit structure (Gavazzi et al. 2005; Thomas et al. 2007).
Romanowsky et al. (2009) found that their results are in better
agreement with the previous Chandra X-ray study (Zhang et al.
2007, within 20 kpc of NGC 1407) if the globular clusters are
assumed to have a peculiar orbit distribution. In short, we be-
lieve that the total mass estimated through X-ray analysis may
be relatively more robust in this case.

Nevertheless, even a virial mass as low as 3.75 × 1013 M�
may still be able to keep NGC 1400 bound. According to
Romanowsky et al. (2009), the minimum virial mass necessary
to keep NGC 1400 bound is only 3 × 1013 M�, provided that
the apocenter of NGC 1400 is at Rvir. The upper limit of
M/L ≈ 300 M�/LB� that we determined with the hot gaseous
X-ray emission is half that estimated by Romanowsky et al.
(2009), although their uncertainty is as large as a factor of two.
Our results suggest that NGC 1407 is not an unusually dark
system, with a group M/L that is comparable to that of the
Fornax group (∼300 M�/LB ; Drinkwater et al. 2001).

Another important observable is the baryon mass fraction.
We determined an enclosed baryon mass fraction of 0.06 within
100 kpc for this group, which is much larger than previously
determined by Romanowsky et al. (2009). This value is still
smaller than the cosmological value of 0.17 but is comparable
to other galaxy groups with similar temperatures (Dai et al.
2010). Thus, this baryon deficit is not unusual for groups.
However, galaxy groups as a population do tend to have smaller
baryon fractions than clusters (Dai et al. 2010). One explanation
is that galaxy groups have shallower gravitational potentials,
making them more vulnerable to AGN feedback and/or galactic
winds. Thus, their atmospheres may have been redistributed to
large radii (beyond R500). There are a number of Suzaku X-ray
observatory studies of clusters reaching R200. In contrast, there
are only a few such studies of galaxy groups to comparable radii
because of their relatively lower X-ray surface brightness. Thus
far, there are three such investigations involving poor clusters:
Hydra A (3.0 keV; Sato et al. 2012), RXJ1159+5531 (2.0 keV;
Humphrey et al. 2012), and ESO 3060170 (2.7 keV; Su et al.
2013). The enclosed baryon mass fractions in these systems are
0.23, 0.17, and 0.13, respectively. The surprisingly high value
of Hydra A (higher than cosmic) may result from its total mass
being underestimated because of nonthermal pressure support at
large radii. The observations of RXJ1159+5531 are consistent
with theoretical predictions, with no baryons missing. Baryons

may have been lost from ESO 3060170, likely due to central
feedback. We speculate that the diversity of gas properties at R200
should be larger among galaxy groups than galaxy clusters.

Note that if NGC 1400 were not present, the NGC 1407 group
would qualify as a fossil group, which is defined as a group with
a central dominant galaxy at least two magnitudes brighter in
R-band than the second brightest galaxy within half a virial
radius (Jones et al. 2003). It has been debated whether fossil
groups are the end results of galaxy mergers within groups or are
instead a transitional stage. Our study indicates that NGC 1400,
as a newly infalling galaxy, only temporarily disqualifies the
NGC 1407 group as a fossil group. This is consistent with some
simulation work that shows that the gap between the brightest
and the second brightest galaxy may be intermittently filled
over time by newly infalling galaxies (von Benda-Beckmann
et al. 2008). Group/cluster scaling relations (such as X-ray
luminosity–temperature) show that fossil groups lie between
groups and clusters in many of their properties (Khosroshahi
et al. 2007; Miller et al. 2012). Thus, we speculate that fossil
groups may be a transient phase as groups evolve into clusters in
the hierarchical Universe. This also sheds light on the puzzling
fact that a large fraction of fossil groups lack cool cores, although
they are usually thought to be highly evolved, undisturbed
systems (Dupke et al. 2010). We anticipate that recent mergers,
as exhibited in the NGC 1407/1400 complex, may inhibit the
monotonic growth of cool cores in many fossil groups.

5. SUMMARY

The NGC 1407 group has been a subject of interest and debate
because of the large radial velocity (1200 km s−1) of its second
brightest galaxy, NGC 1400, relative to the central dominant
galaxy NGC 1407. This has led to unusually large mass-to-
light ratio estimates and suggestions that the NGC 1407 group
is one of the darkest known galactic systems. In this paper,
we presented our investigation of the NGC 1407/1400 complex
with joint XMM-Newton/Chandra observations. We summarize
our main results as follows.

1. A region of enhanced X-ray surface brightness just east of
NGC 1400 is likely to be a tail of hot gas stripped from
the ISM of NGC 1400. The metallicity of the stripped gas
is ∼0.5 Z�, larger than the metallicity of the group gas
(�0.3 Z�). The deduced tail length is ∼50 kpc.

2. We studied the conditions for ram pressure stripping for
NGC 1400. To have the gas in the enhanced region
stripped from NGC 1400’s ISM, the galaxy needs to have
a relative velocity of at least 1275 km s−1. This value is
in excellent agreement with the possible velocity range
(1200–1500 km s−1) we estimated for NGC 1400 through
other methods using pressure jumps and the gravitational
potential. No obvious shock feature was found in this
system, which may be a consequence of NGC 1400 moving
nearly in the line of sight.

3. With an XMM-Newton pointing on the (relatively relaxed)
eastern side of NGC 1407, we derived a hydrostatic mass
for this group of 1 × 1013 M� within 100 kpc. The total
mass extrapolated to the virial radius (681 kpc) is 3.75 ×
1013 M�. This provides an upper limit for the mass-to-light
ratio of ∼60 M�/LK� (∼300 M�/LB� ) within the virial
radius. We thus conclude that the NGC 1407 group is not
an unusually dark group.

4. We speculate that NGC 1400 recently entered the
NGC 1407 group. The presence of NGC 1400 within half
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a group virial radius of NGC 1407 currently (but temporar-
ily) disqualifies NGC 1407 from being classified as a fossil
group. This suggests that some fossil groups may be in a
transient stage, rather than the secular end result of galaxy
mergers within groups.
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