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8 Aix-Marseille Université, CNRS, LAM (Laboratoire d’Astrophysique de Marseille) UMR 7326, F-13388 Marseille, France
9 Astrophysics Group, Imperial College London, Blackett Laboratory, Prince Consort Road, London SW7 2AZ, UK

10 Department of Physics and Astronomy, University of California, Irvine, CA 92697, USA
11 Institute of Astronomy, University of Cambridge, Madingley Road, Cambridge CB3 0HA, UK

12 Istituto di Astrofisica e Planetologia Spaziali, INAF, Via Fosso del Cavaliere 100, I-00133 Roma, Italy
Received 2013 July 24; accepted 2013 September 20; published 2013 October 4

ABSTRACT

Data from the Herschel Space Observatory have revealed an unusual elliptical galaxy, NGC 4125, which has strong
and extended submillimeter emission from cold dust but only very strict upper limits to its CO and H i emission.
Depending on the dust emissivity, the total dust mass is 2–5 × 106 M�. While the neutral gas-to-dust mass ratio is
extremely low (<12–30), including the ionized gas traced by [C ii] emission raises this limit to <39–100. The dust
emission follows a similar r1/4 profile to the stellar light and the dust to stellar mass ratio is toward the high end
of what is found in nearby elliptical galaxies. We suggest that NGC 4125 is currently in an unusual phase where
evolved stars produced in a merger-triggered burst of star formation are pumping large amounts of gas and dust
into the interstellar medium. In this scenario, the low neutral gas-to-dust mass ratio is explained by the gas being
heated to temperatures �104 K faster than the dust is evaporated. If galaxies like NGC 4125, where the far-infrared
emission does not trace neutral gas in the usual manner, are common at higher redshift, this could have significant
implications for our understanding of high redshift galaxies and galaxy evolution.

Key words: galaxies: elliptical and lenticular, cD – galaxies: individual (NGC 4125) – galaxies: ISM – infrared:
galaxies

Online-only material: color figures

1. INTRODUCTION

Early-type galaxies (ellipticals and lenticulars) are typically
dominated by an old stellar population and contain at most a
small fraction of their total mass in cold gas and dust. Recent
surveys of nearby galaxies have detected CO emission in 5%
of the elliptical galaxies in the ATLAS3D sample (Young et al.
2011) and submillimeter emission from cold dust in 24% of
the elliptical galaxies in the Herschel Reference Survey (Smith
et al. 2012). Unfortunately there are relatively few early-type
galaxies that have been observed and detected in both dust and
gas tracers. Leeuw et al. (2008) measured gas-to-dust mass ratios
of ∼300–400 in a sample of seven elliptical galaxies. Smith et al.
(2012) measure gas-to-dust mass ratios for eight S0 galaxies that
are consistent with or higher than the value of 100–150 typically
found in spiral galaxies.

NGC 4125 is a luminous E6(pec) galaxy at a distance of
23.9 Mpc (Tonry et al. 2001), which underwent a merger and a
burst of star formation 6–8 Gyr ago (Schwiezer & Seitzer 1992;
Pu et al. 2010). Its 60 μm IRAS luminosity of 108.7 L� places
it at the high luminosity end of the SAURON sample (Combes
et al. 2007). However, NGC 4125 is undetected in either H i
or CO (Welch et al. 2010); tight upper limits correspond to

MHI < 2.4 × 107 M� (2σ , 8.′7 beam) and MH2 < 1.9 × 107 M�
(2σ , 21′′ beam) when using a CO-to-H2 conversion factor of
2 × 1020 H2 cm−2 (K km s−1)−1 (Strong et al. 1988). It has
significant X-ray emission from hot gas, with at most a few
percent contribution by an active galactic nucleus (Boroson
et al. 2011). It was selected as the “normal” elliptical galaxy
for the Very Nearby Galaxies Survey with the Herschel Space
Observatory13 (PI: C. D. Wilson). However, as we describe in
this Letter, the interstellar medium (ISM) of NGC 4125 appears
to be anything but normal.

2. HERSCHEL OBSERVATIONS

NGC 4125 was observed in scan map mode over a 9′ × 9′
area with the Herschel Space Observatory with the Photode-
tector Array Camera and Spectrometer (PACS; Poglitsch et al.
2010; ObsIDs 1242188202, 1242188203) and the Spectral and
Photometric Imaging Receiver (SPIRE; Griffin et al. 2010; Ob-
sID 1242199156). The data processing and calibration for the
SPIRE data are described in Bendo et al. (2012). For the PACS

13 Herschel is an ESA space observatory with science instruments provided by
European-led Principal Investigator consortia and with important participation
from NASA.
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NGC4125: 250 micron on K

Figure 1. Top: 250 μm contours overlaid on the K-band image from 2MASS.
Contour levels are 10, 20, 30, 40, 60, 80, 100, 150, and 200 mJy beam−1. The
two point-like sources to the west could be background sources and may be
responsible for the slight excess in the 500 μm emission (Figure 3). Bottom:
radial profiles of the 250 μm (solid), 160 μm (dashed) and K-band brightness
(dot-dashed) from 2MASS. The dotted line shows the 250 μm beam profiled
measured in the same annuli as the radial profile.

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

photometry, the level-1 data were downloaded from the Her-
schel Science Archive using HIPE 9.0 and the latest calibra-
tion (PACS_CAL_41_0) and mapped using Scanamorphos
version 21 (Roussel 2013). NGC 4125 was observed in the
[C ii] 158 μm, [N ii] 122 μm, and [O i] 63 μm emission lines
(ObsIDs 1342222063, 1342222064, 1342222065) using PACS
in chop/nod mode with a single pointing covering 47×47′′. The
maps were processed as described in Parkin et al. (2013) using
HIPE and the PACSman package (Lebouteiller et al. 2012). The
250 μm image of NGC 4125 is shown overlaid on the K-band
image from Two Micron All Sky Survey (2MASS; Jarrett et al.
2003) in Figure 1.

The total continuum flux of NGC 4125 was measured using
an elliptical aperture 216′′ × 118′′ in diameter (62% of the
D25 optical size) with position angle 82◦; the sky background

Table 1
Infrared Fluxes for NGC 4125

Wavelength Resolution Peak Fluxa Total Flux
(μm) (FWHM, ′′) (mJy) (mJy)

24 6 . . . 79 ± 4b

70 5.76 370 ± 19 886 ± 51
160 12.13 415 ± 22 1347 ± 121
250 18.2 211 ± 8 874 ± 81
350 24.5 114 ± 14 459 ± 54
500 36.0 81 ± 13 251 ± 39

Notes.
a Peak fluxes with SPIRE are from maps with the native SPIRE resolution and
have units of mJy beam−1. Peak fluxes with PACS are measured in an 18′′
circular aperture and have units of mJy.
b Flux from Dale et al. (2007).

was measured in an elliptical annulus with inner and outer
diameters of 216′′ and 360′′. For the SPIRE data, in calculating
the total flux, we adopt beam areas appropriate for emission
going as ν4 of 432, 766 and 1573 square arcsec at 250,
350, and 500 μm, respectively, and apply the multiplicative
color corrections appropriate for extended sources (SPIRE Data
Reduction Guide 2013). For the PACS data, we adopt the color
corrections appropriate for a 20 K blackbody (Müller et al.
2011). For both sets of maps, the uncertainties are calculated
as the quadrature sum of the instrumental uncertainty in each
pixel and the uncertainty due to the sky confusion. Calibration
uncertainties of 7% for SPIRE (SPIRE Data Reduction Guide
2013) and 5% for PACS (PACS Observer’s Manual 2011)
are added in quadrature to these measurement uncertainties in
Table 1.

We have detected weak [C ii] and [N ii] emission (Figure 2).
The peak [C ii] flux in an 18′′ diameter aperture is (4.34 ±
0.07) × 10−17 W m−2 and the total flux summed in a 36′′
diameter aperture is (9.63 ± 0.14) × 10−17 W m−2. For [N ii],
the peak flux is (9.0 ± 0.4) × 10−18 W m−2 and the total
flux is (2.19 ± 0.08) × 10−17 W m−2. The [O i] 63 μm line
is not detected, with a 2σ upper limit to the total flux of
7.5 × 10−18 W m−2. Calibration uncertainties are 30% for these
spectroscopic data.

3. THE GAS-TO-DUST MASS RATIO IN NGC 4125

One unusual aspect of the dust emission in NGC 4125 is
that the emission is spatially extended and follows the general
shape of the stellar emission (Figure 1). While previous optical
extinction maps have shown a central dust lane aligned with the
major axis (Goudfrooij et al. 1994), the Herschel images trace
dust over a significantly larger area and the dust emission even
follows the r1/4 profile that is a common feature of ellipticals.

Fitting the global dust emission from 160 to 500 μm with a
modified blackbody with dust opacity going as ν2 gives an aver-
age dust temperature of 17.2 ± 0.8 K (Figure 3). The dust mass
can be calculated as Mdust = 1449 D2

MpcS250(exp(57.58/T ) −
1)/κ250 M�, where DMpc is the distance to the galaxy in Mpc,
T is the dust temperature in K, S250 is the 250 μm flux in Jy,
and κ250 is the dust emissivity at 250 μm in cm2 g−1. As our de-
fault, we assume a standard graphite plus silicate dust emissivity
κ250 = 3.98 cm2 g−1 (Draine 2003), which corresponds to β � 2
and has also been used for previous analyses of elliptical galax-
ies (Parkin et al. 2012; Smith et al. 2012). We obtain a global
dust mass for NGC 4125 of 5.0+1.5

−1.1 × 106 M� (Table 2) and a
mass in the peak resolution element of (1.2 ± 0.2) × 106 M�.
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Table 2
Global Interstellar Medium Properties of NGC 4125

Property Value Notes

Mdust 5.0+1.5
−1.1 × 106 M�a β = 2, graphite + silicate grains

MHI/Mdust <5 2σ upper limit
MHI+H2 /Mdust <12 2σ upper limit
MHII+HI+H2 /Mdust <39 Assumes uniform ionized medium (Section 3)
M∗ 2.4 × 1011 M� . . .

Mdust/M∗ 2.1 × 10−5 . . .

Note. a If we adopt the dust emissivity appropriate for amorphous carbon plus silicate grains, the dust mass becomes
1.9 × 106 M�; see text.
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Figure 2. Top: central [C ii] 158 μm spectrum of NGC 4125. The yellow solid
line shows the fit to the data; the dashed yellow line indicates the intrinsic
velocity resolution of the instrument. Bottom: central [N ii] 122 μm spectrum
of NGC 4125.

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

Using the same distance and emissivity, our dust mass is a factor
of four larger than that of Kaneda et al. (2011), who obtained
a warmer dust temperature due to a lack of fluxes longward of
160 μm.

The dust mass is rather sensitive to our assumptions about the
grain properties. If we instead adopt the mixture of amorphous
carbon and silicates explored for the Large Magellanic Cloud
by Galliano et al. (2011), for which β = 1.7 and κ250 =
7.49 cm2 g−1, we obtain a dust temperature of 19.0 ± 1.0 K and
a total dust mass of (1.9+0.6

−0.4) × 106 M�. Performing the fit with
β allowed to vary between 1 and 2.5 returns a fit with β = 1
and a temperature of 25 ± 2 K. Combining this temperature
with κ250 = 3.98 cm2 g−1 gives similar dust masses to the
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Figure 3. Top: the global fluxes for NGC 4125 measured from the Herschel
maps with three modified blackbody fits to the data from 160 to 500 μm with
β = 2 (solid), β = 1.7 (dotted) and β = 1 (dashed) overlaid. Bottom: a two
temperature component fit to the data from 24 to 500 μm with β = 2.

amorphous carbon model of Galliano et al. (2011). We also
note, however, that single temperature fits to spiral galaxies
usually yield smaller dust masses than more realistic multiple
temperature models (Dale et al. 2012). Fitting the data with two
components with β = 2 (Figure 3) gives temperatures of 17
and 51 K and a cold dust mass of 5.4 × 106 M�. Although the
500 μm flux lies somewhat above the fits, the excess emission
is likely due to two faint (∼25 mJy) point-like sources to the
west of NGC 4125 (Figure 1). These sources contribute 20% of
the total flux at 500 μm but only 10% at 250 μm and may be
background galaxies.

We estimate a stellar mass of 2.4 × 1011 M� from the 3.6 μm
flux in Dale et al. (2007) and the median mass-to-light ratio
of 1.00 M� L−1

� from Falcon-Barroso et al. (2011). The dust to
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stellar mass ratio of 2.1 × 10−5 is toward the high end of the
values seen for nearby elliptical galaxies (Smith et al. 2012; di
Serego Alighieri et al. 2013). Comparing the global dust mass
with the sum of the H i and H2 upper limits (Welch et al. 2010)
and including a factor of 1.36 to account for helium (Wilson et al.
1988) gives a global gas-to-dust ratio of <12. Because the areas
covered by the three different measurements (H i, CO, dust)
are very different, another relevant comparison is between the
peak dust mass (18′′ beam) and the CO upper limit (21′′ beam).
Comparing these two values gives a limit on the gas-to-dust
mass ratio of <22. These 2σ upper limits are factors of 7–12
smaller than the typical gas-to-dust mass ratio of 150 seen in
our own and other galaxies. Thus, there appears to be a deficit
of neutral gas to go along with the cold dust in NGC 4125.

We can also estimate the gas mass associated with the
observed [C ii] emission. We assume that the [C ii] emission
comes from the ionized gas phase (T ∼ 8000 K) via collisional
excitation with electrons. We note that the [N ii]/[C ii] ratio is
consistent with a low-density ionized medium (Oberst et al.
2006). Assuming the electron density, ne, is much less than
the critical density ncrit ∼ 35 cm−3 (Madden et al. 1993), the
column density is given by NH = 2.13×1020 IC+

XC+

ncrit
ne

with IC+ in
units of erg s−1 cm−2 sr−1. Assuming a C+ abundance relative
to hydrogen of XC+ = 3 × 10−4, the mass corresponding to
the total flux in the map is 1.09 × 107/ne M�. Solving for the
case where the ionized medium uniformly fills the 18′′ (2.1 kpc)
radius volume gives a lower limit to ne of 0.11 cm−3 and an
ionized hydrogen mass of �1.0×108 M�. Combining this mass
estimate with our dust mass and again accounting for helium
with a factor of 1.36 gives a total (ionized plus neutral) gas-
to-dust mass ratio of <39 for β = 2 or <100 for β = 1.7.
This analysis suggests that a significant fraction of the gas in
NGC 4125 is warm ionized gas that produces [C ii] emission
rather than cold neutral gas.

4. DISCUSSION

4.1. An Internal Origin for the Dust in NGC 4125?

The dusty ISM of NGC 4125 has some unusual properties.
The dust has a similar radial profile to the stellar light out to at
least 7 kpc (1′) radius (Figure 1). Its total dust mass is among the
highest seen in elliptical galaxies (Smith et al. 2012) and is only
a factor of three times smaller than the dust mass in the elliptical
galaxy Centaurus A (Parkin et al. 2012). However, unlike Cen
A, where the neutral gas-to-dust mass ratio is 100 and the gas
traces a clearly rotating disk (Parkin et al. 2012), in NGC 4125
the corresponding gas is not neutral but in a warmer ionized or
even X-ray emitting phase. These unusual properties suggest an
internal origin for the ISM of NGC 4125.

The ratio Mdust/M∗ is toward the high end of the range seen in
ellipticals, as is the total stellar mass M∗ (Smith et al. 2012). The
optical colors of NGC 4125 suggest that it underwent a burst
of star formation 6–8 Gyr ago (Schwiezer & Seitzer 1992).
Long-slit spectroscopy combined with simple stellar population
models indicate super-solar metallicity and also point to a recent
dissipational merger event and stellar ages as young as 8 Gyr (Pu
et al. 2010). Many of these younger stars would now be in the
red giant, carbon star, or asymptotic giant branch (AGB) phase
when stars shed large quantities of gas and dust. The material
that is lost from these stars has a normal gas-to-dust mass ratio.
However, if the dust from the star survives for a longer time
(i.e., 50 Myr; Clemens et al. 2010) than the gas survives in the
neutral phase, the observed neutral gas-to-dust mass ratio could

be reduced, because the majority of the gas would be in an
ionized or X-ray emitting phase.

Assuming a dust lifetime of 50 Myr, the stars in NGC 4125
would need to produce dust at a rate of ∼0.1 M� yr−1 to explain
the observed dust mass. This rate is much higher than the typical
rate seen in passive elliptical galaxies (Clemens et al. 2010).
Fong et al. (2006) derived total (gas plus dust) mass loss rates
from a few ×10−8 to a few ×10−3 M� yr−1 for a collection
of AGB stars and proto-planetary and planetary nebulae in our
own Galaxy, with a median mass loss rate of 10−5 M� yr−1.
Boyer et al. (2012) find that extreme AGB stars are responsible
for ∼90% of the dust produced by evolved stars in the Small
Magellanic Cloud. Assuming a normal gas-to-dust mass ratio
of 150, NGC 4125 would need to contain roughly 2 × 106 such
stars (0.001% of its total stellar mass) to produce the required
dust. Given the total mass of NGC 4125, such a population of
stars seems quite reasonable.

In contrast, if the dust in NGC 4125 was acquired via an
interaction with another galaxy, the lack of neutral gas suggests
that the interaction must have been extremely recent. We would
need to be viewing NGC 4125 at the precise time when most of
the gas has been ionized but significant cold dust remains. It is
hard to understand how such a large mass of dust could survive
for much more than 50 Myr without the high column densities
which would shield both the dust and the neutral gas.

4.2. How Unique is NGC 4125?

One question which arises is why we have not discovered
more galaxies like NGC 4125. First, such galaxies may be
intrinsically rare in the local Universe. The Herschel Reference
Survey (Boselli et al. 2010) contains all elliptical galaxies
in a portion of the northern sky with K � 8.7 mag and
15 < D < 25 Mpc; NGC 4125 meets the distance and
luminosity criteria but falls just outside the upper declination
limit of the survey. Adding NGC 4125 to the 18 elliptical
galaxies from Smith et al. (2012), we can estimate that the
rate for NGC 4125-like galaxies may be ∼5%. However, not
all the galaxies in the Herschel Reference Survey have atomic
and molecular gas measurements and so some could be similar
to NGC 4125. Second, NGC 4125 is a luminous galaxy, which
makes it easier to detect a given mass fraction of dust. For
internal processes, a higher stellar mass would correlate with a
higher dust mass. The presence of a younger stellar population
than in passively evolving ellipticals could also serve to increase
the dust to stellar mass ratio. Given the sensitivities of typical
Herschel maps, a similar galaxy which was 1/3 as massive
would appear as a point source at 250 μm at the same distance
as NGC 4125, while a galaxy 1/10 as massive could not be
distinguished easily from the Herschel confusion limit. Finally,
it is hard to know how critical the exact age and mass fraction
of the younger stellar population might be in producing this
particular configuration of dust without neutral gas. With stellar
lifetimes of 1.4 Gyr for a 2 M� star and 5.5 Gyr for a 1.25 M�
star (Schaller et al. 1992), the exact age of the young population
may not be a critical factor, as long as a young enough population
forms a sufficient fraction of the stellar mass.

Understanding the frequency and origin of galaxies like
NGC 4125 may have important implications for understanding
red galaxies at larger redshifts. A galaxy like NGC 4125 would
be rather difficult to interpret if it was observed at much larger
distances. Its relatively strong submillimeter emission could be
interpreted as indicating the presence of a significant cold ISM
(Eales et al. 2010b), while its rest-frame 70 μm emission could
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be taken as an indicator of on-going star formation. For example,
using the star formation rate calibration of Li et al. (2010), the
70 μm flux in the central 18′′ could be interpreted as a star
formation rate of 0.15 M� yr−1. For a typical gas depletion
time of 2 Gyr (Leroy et al. 2008), such a star formation rate
would imply an H2 mass of 3×108 M�, a mass which is clearly
ruled out by the existing CO upper limits. At some point in the
past, the progenitors of elliptical galaxies must have contained a
significant ISM in order to form their current population of stars.
If the ISM in NGC 4125 has an internal origin linked to the age
of its most recent star formation episode, then we might expect
galaxies like NGC 4125 to be more common at larger redshifts,
when the overall stellar population of elliptical galaxies was, of
necessity, younger.

Recently, observations of moderate redshift galaxies have
identified optically red galaxies which contain significant in-
frared emission. Rowlands et al. (2012) and Agius et al. (2013)
have studied large samples of early-type (elliptical and lentic-
ular) galaxies from the H-ATLAS (Eales et al. 2010a) survey.
While these galaxies typically have larger dust masses and lower
stellar masses than NGC 4125, it would be interesting to follow
up on the handful of massive galaxies with red NUV − r col-
ors. Dey et al. (2008) have identified a sample of dust-obscured
galaxies with high Spitzer mid-infrared to optical flux ratios.
The BzK colors of some of these galaxies show they are clearly
forming stars (Pope et al. 2008), but many are not detected in
B and so could instead be passive, post-star formation galax-
ies. Herschel surveys have also identified a number of 250 μm
sources with red optical colors (Smith et al. 2011). While Dar-
iush et al. (2011) conclude that most of these are highly obscured
galaxies, some of them have NUV − r colors that are similar to
NGC 4125. If galaxies like NGC 4125, where the far-infrared
emission is not related to star formation and neutral gas in the
usual manner, become more common at higher redshift, this
would have significant implications for our understanding of
high redshift galaxies and galaxy evolution.
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