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ABSTRACT

Aims. We present the first detection of diffuse dust in the intra-cluster medium of the Virgo cluster out to ∼0.4 virial radii, and study
the radial variation of its properties on a radial scale of the virial radius.
Methods. Analysing near-UV – i colours for a sample of ∼12 000 background galaxies with redshifts 0.02 < z < 0.8, we find signifi-
cant colour reddening and relate it to variation in E(B − V) values.
Results. The E(B − V) mean profile shows a dust component characterised by an average reddening E(B − V) ∼ 0.042 ± 0.004 mag
within 1.5 degrees (∼0.3 rvir) from the cluster centre. Assuming a Large Magellanic Cloud extinction law, we derive an average visual
extinction AV = 0.14± 0.01 for a total dust mass, Md = 2.5± 0.2× 109 M�, hence a dust-to-gas mass ratio Md/Mg = 3.0± 0.3× 10−4.
Based on the upper limits on the flux density I250µm=0.1 MJy sr−1 derived from Herschel data, we estimate an upper limit for the dust
temperature of Td ∼ 10 K. However, similar densities can be obtained with dust at higher temperatures with lower emissivities.
Conclusions. The Virgo cluster has diffuse dust in its intra-cluster medium characterised by different physical properties as those char-
acterising the Milky Way dust. The diffuse dust in Virgo is transported into the cluster space through similar phenomena (stripping)
as those building up the optical intra-cluster light, and it constitutes an additional cooling agent of the cluster gas.

Key words. galaxies: clusters: individual: Virgo cluster – galaxies: clusters: intracluster medium

1. Introduction

It is now well known that a fraction of the baryonic content in
galaxy clusters is represented by the intra-cluster light (ICL),
a stellar population that is gravitationally bound to the clus-
ter potential, whose production is thought to be tightly linked
to the evolution of galaxies in clusters (e.g. Dolag et al. 2010;
Contini et al. 2014). While the IC population is an important
component to study and its existence is well established, it has
historically been proved difficult to detect because its surface
brightness is low, so that no uniform information has been gath-
ered so far on its properties across the electromagnetic spec-
trum. IC stars are studied through their optical properties (e.g.
Gonzalez et al. 2005; Mihos et al. 2017), and near-infrared (NIR)
analyses of optically identified IC features show that these have
NIR emission (Krick et al. 2011). Finally, the hot IC plasma,
or ICM, is studied through X-ray data (e.g. Sarazin 1986; Mohr
et al. 1999; Neumann 2005). However, little is known about its
properties in the form of warm or cold gas and dust. Dust in the
intra-cluster space (intra-cluster dust, ICD) is expected to survive
sputtering by the harsh X-ray emitting gas for a typical timescale
of ∼108 yr (Draine & Salpeter 1979). Detected emission would
then provide a direct clue to the different injection mechanisms
and their efficiencies (primordial infalling of the diffuse inter-

galactic dust component, galactic winds, mass loss from ICM
red giants and supergiants; Popescu et al. 2000; Schindler et al.
2005; Domainko et al. 2006). Moreover, it may trace the current
accretion rate of the cluster (Popescu et al. 2000). Researchers
have therefore tried to detect the ICD mainly through far-IR
(FIR) or submillimeter studies that directly search for ther-
mal dust emission or through an indirect search for extinction
and reddening of background sources (e.g. Giard et al. 2008;
Gutiérrez & López-Corredoira 2017), but the results are still con-
troversial. The diffuse ICD is found to produce flux density lev-
els at 70 µm of ∼0.06−0.1 MJy sr−1 in nearby clusters such as
Coma or Perseus, even though evidence of dust grains in the IC
space has also been collected for systems at higher red-shifts,
with flux emissions expected to increase towards older epochs
(e.g. Yamada & Kitayama 2005; Chelouche et al. 2007; Planck
Collaboration Int. XLIII 2016). In terms of visual extinction, the
AV values attributed to the presence of ICD vary significantly in
the range 0.004 < AV < 0.5, mainly due to the large measure-
ments uncertainties (e.g. Muller et al. 2008). However, despite
these fluctuations in value, all studies tend to agree that there is
only a small amount of dust in the ICM of clusters that can reach
1–3% of the Galactic value (e.g. Chelouche et al. 2007; Giard
et al. 2008; Planck Collaboration Int. XLIII 2016; Gjergo et al.
2018; Vogelsberger et al. 2019).
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In this Letter, we present the analysis of the near-UV – i
(NUV − i) reddening of background galaxies in the Virgo direc-
tion and present the first detection of the diffuse dust component
in the Virgo cluster over a radial scale of 0.4 virial radii. The
Virgo system is still in the process of forming (e.g. Conselice
et al. 2001; Boselli et al. 2014), as witnessed by its irregular
structure, which is characterised by a major sub-cluster A around
the giant elliptical galaxy M87, and two smaller and less dense
sub-clusters B and C around the cluster galaxies M49 and M86,
respectively (Binggeli et al. 1987; Nulsen & Bohringer 1995).
Several optical studies have detailed the presence of an IC stellar
population (Arnaboldi et al. 2002; Aguerri et al. 2005; Doherty
et al. 2009; Durrell et al. 2014; Hartke et al. 2017; Longobardi
et al. 2013, 2015, 2018a,b; Mihos et al. 2017), which is the result
of pre-merger interactions and tidal stripping of cluster galax-
ies, and an FIR analysis has shown that gravitational interactions
may also be responsible for an IC stream of dust in the ICM of
sub-cluster C (Stickel et al. 2003).

Throughout the paper, we consider the cluster centred on
M87, with a virial radius rvir = 1.55 Mpc (McLaughlin 1999),
and assume a distance for Virgo of 16.5 Mpc (Mei et al. 2007;
Blakeslee et al. 2009), implying a physical scale of 80 pc arcsec−1.

2. Evidence for diffuse dust in the intra-cluster
space of Virgo

2.1. Contamination from Galactic cirrus in the Virgo cluster
area

The GUViCS survey (GALEX Ultraviolet Virgo Cluster Survey;
Boselli et al. 2011) presents GALEX UV observations of the
Virgo cluster. It combines data from the All-sky Imaging Sur-
vey (AIS; ∼5′′ spatial resolution and single-exposure times of
typically 100 s) and the Medium Imaging Survey (MIS; same
spatial resolution, but with deeper exposure times of at least
1500 s). With this information, Boissier et al. (2015) produced
FUV and NUV mosaics with 1′ and 20′′ sized pixels that used
the AIS and the MIS data, respectively, and showed that the FUV
brightness resulting from the scattering of starlight by dust grains
successfully traces the Milky Way (MW) dust column density.
They then studied the variation of the average (NUV− i) colours
of Sloan Digital Sky Survey (SDSS) background galaxies as a
function of the Galactic reddening, E(B − V)G, derived from
either their FUV maps, the Schlegel et al. (1998), or the Planck
Collaboration XI (2014) maps, and showed that a correlation is
present independently of the considered source of dust redden-
ing. This result provides us with the opportunity of studying the
distribution of the background galaxy colours after correction
for Galactic contamination. To do so, we used a large sample
of background sources from the Voyer et al. (2014) catalogue
that provides us with NUV GUViCS and optical SDSS photom-
etry, as well as redshift information. The data extend out to a
maximum distance of ∼14 deg from the centre of Virgo, but we
restricted our sample to the objects lying within 6 deg (1.1×rvir),
where the data are more homogeneous in terms of spatial cover-
age. Furthermore, we only considered sources with uncertainties
on the magnitudes smaller than 0.1 mag, resulting in a final sam-
ple of ∼12 000 objects in the redshift range 0.02 < z < 0.8.
Then, we corrected the (NUV− i) colours for Galactic reddening
through the formula
(NUV − i) − (NUV − i)c = R(NUV − i) × E(B − V)G, (1)
where (NUV − i) and (NUV − i)c are the measured and the
de-reddened galaxy colours, E(B − V)G is the Galactic redden-
ing measured by Boissier et al. (2015) using different MW dust
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Fig. 1. Radial profile of the (NUV−i)c colours and of the cluster E(B−V)
(filled dots) after the application of foreground extinction corrections,
with their uncertainties shown as shaded areas. Positive and negative
distances trace the northern and southern halves of the field. Differ-
ent colours represent the profiles obtained by subtracting the Galactic
extinction derived from the Schlegel (green), Planck (yellow), FUV 1′
(red), or 20′′ (blue) resolution maps. The continuous red line, with error
bars, traces the radial profile obtained with no differentiation between
the southern and northern halves of the field for the case where the
Galactic extinction was derived from the FUV 1′map.

tracers, and R(NUV − i) = R(NUV) − R(i) is the reddening in
(NUV − i) relative to E(B − V)G and equal to R(NUV) = 8.64
and R(i) = 1.69, based on an MW extinction curve (Fitzpatrick
& Massa 2007; Schlafly & Finkbeiner 2011).

2.2. Spatial variation of the intra-cluster dust in Virgo

We aim to detect the Virgo ICD by measuring its attenuation
through the spatial variation in the de-reddened (NUV − i)c
colours of the background galaxies. The results are given in
terms of the (NUV − i)c colours as obtained by subtracting the
Galactic extinction traced by the GALEX FUV AIS 1′map, but
the same results are obtained when other Galactic extinction cor-
rections are used (see Figs. 1 and 3).

The cluster E(B−V) values were derived through the relation

E(B − V) =
(NUV − i)c − (NUV − i)0

R(NUV − i)c
, (2)

with R(NUV − i)c = 7.8, based on the extinction curve of the
Large Magellanic Cloud (LMC; Gordon et al. 2003). (Progeni-
tors of the Virgo intra-cluster component are LMC-like systems.)
(NUV − i)0 represents the intrinsic colour of the objects if no
obscuration by the cluster dust was present. It was fixed to the
average of the (NUV − i)c values outside 4 deg from the cluster
centre where its profile flattens, as shown in Fig. 1. (We ver-
ified that there is no variation in the background value of the
(NUV − i)c colours out to 14 deg, ∼2.6 × rvir.) Figure 1 also
shows the variation with radius of the mean cluster E(B−V) val-
ues after the application of different corrections for foreground
Galactic extinction. Because we expect the initial estimate of
the mean to be influenced by the presence of background clus-
ters that are dominated by red quiescent galaxies that can mimic
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higher E(B − V) values (Boselli et al. 2006), we computed an
iteratively sigma-clipped mean by applying a 2σ limit. The rela-
tion is plotted for positive and negative r to trace the northern
and southern halves with respect to the centre of Virgo (dots
with shaded areas), and in the case of no differentiation between
the two sides of the cluster (red continuous line with error bar).
The resulting profile shows a component that for r ≤ 1.5 deg
(∼0.4 Mpc or 0.3 rvir) is constant, within the uncertainties, and is
characterised by an average reddening E(B−V) ∼ 0.042±0.004.
This result is in agreement with observational and theoretical
studies of dust distribution in galaxy clusters, which attribute the
flattening to sputtering phenomena that more efficiently destroy
the dust closer to the centre (e.g. Bai et al. 2007; Gutiérrez
& López-Corredoira 2017; Vogelsberger et al. 2019). Beyond
1.5 deg, the extinction starts to decrease and reaches levels of
E(B−V) ∼ 0.023± 0.004 at ∼2.0 deg (∼0.6 Mpc or 0.4 rvir), and
it is consistent with zero for larger distances.

Next, we built a two-dimensional map of the cluster red-
dening performing a Gaussian smoothing of the E(B − V) val-
ues at the position of every ∼12 000 background galaxies, also
weighted by the uncertainty on the measurement. To suppress
small-scale variations, the smoothing length was set to h = 6′
(∼30 kpc). However, the final results are not strongly sensitive
to the bandwidth size. Errors in the derived smoothed map were
computed by means of Monte Carlo simulations by generating
100 different data sets of mock E(B − V) values with the same
positions on the sky as for the real sample of background galax-
ies. Simulated reddenings were calculated from the measured
two-dimensional reddening map by adding a random value that
resembled the associated measurement error. Because the same
smoothing procedure was applied to the synthetic data, the statis-
tics of these simulated E(B−V) fields give us the error associated
with the smoothed extinction values at the source positions in our
field. The results are shown in Fig. 2, where we plot the posi-
tion on the sky of the background galaxies, colour-coded based
on their mean E(B − V) and their errors (top panels). In agree-
ment with what is shown in Fig. 1, these maps suggest that red-
dening by dust is statistically significant within 2 deg from the
centre of Virgo and that it is enhanced within a circular region
around the dynamical centre of the cluster (sub-cluster A), as
identified by the X-ray gas emission (black contours). Interest-
ingly, no dust attenuation is measured in correspondence of the
ellipticals M 49 (magenta star) and M 86 (magenta triangle), cen-
tres of Virgo sub-clusters B and C, respectively. The high values
visible in a small south-west region are due to the presence of
background clusters whose systems are intrinsically redder in
(NUV-i) colours and hence should not be considered as tracing
reddening by dust. This was verified by transforming our set of
RA, Dec, and redshift into points in the 3D Cartesian space and
then examining statistically significant over-densities in three-
dimensional space. Finally, to verify that the signal we measured
was not due to residual contamination by Galactic cirrus, we
compared it with the MW dust emission in the SPIRE 250 µm
band (Bianchi et al. 2017) in the region where they overlap. The
comparison is shown in Fig. 2 (bottom panels), where it is evi-
dent that the spatial distribution of the Galactic FIR emission
differs from the distribution of the cluster dust extinction.

3. Physical properties of the Virgo dust

Infrared flux density and dust temperature. The dust IR
flux density is related to the optical reddening as Iν = τν0

(
ν
ν0

)β
Bν(Td), where Bν(Td) is the Planck function for dust at tem-
perature Td, β = 1.5 is the adopted dust emissivity index, and

τν0 = 0.67 × 10−4 × E(B − V) is the dust optical depth at
the reference frequency ν0 = 353 GHz (Planck Collaboration
XI 2014). By analysing Herschel data, Bianchi et al. (2017)
found as upper limit on the Virgo ICD emission at 250 µm,
I250 µm ∼ 0.1 MJy sr−1. Based on our E(B − V) estimates and
assuming the Galactic values for β and τν0 , this result implies
an upper limit for the temperature for the Virgo diffuse dust of
Td ∼ 10 K. The dust temperature distribution is expected to peak
around these values in Virgo-like environments (Popescu et al.
2000), and the detection of cold grains is not limited to this study.
Fogarty et al. (2019) found dust at Td ∼ 10 K for clumps of mate-
rial that extended several kiloparsecs away from the optical peak
of the galaxy, and the authors concluded that these grains must
either be shielded from sputtering or lie in regions of cooler ICM
plasma. This result should be taken with some caution, however,
because our estimated results are derived under the assumptions
that the Virgo ICD exhibits similar emissivity as the MW. Simi-
lar values of flux densities could be obtained for dust grains with
lower emissivities at higher temperatures.

Under the assumption of Td ∼ 10 K, we plot in Fig. 3
the radial variation of the IR flux density at 250 µm in the
radial range where we measure positive E(B−V) values. Within
1.5 deg, the profile remains nearly constant to a value of 0.14 ±
0.01 MJy sr−1, and it decreases to 0.08±0.01 MJy sr−1 at ∼2 deg.
The general agreement with the surface brightness (SB) profiles
of the X-ray gas (Simionescu et al. 2017) and of the optical
ICL is good (Longobardi et al. 2018b) (black and purple lines,
respectively). However, closer to the centre, dust may be more
efficiently destroyed (see Sect. 2.2, but also Vogelsberger et al.
2019), resulting in a deficit with respect to the stellar and hot
gaseous components. The comparison with the SB profile of the
Virgo ICL can help us to understand the origin of the diffuse
ICD. Previous works that used PNs and GCs to dynamically
trace the ICL have shown that the IC population in Virgo is the
accreted component of the cluster from low- and intermediate-
mass star-forming and dwarf-ellipticals galaxies. It therefore
exhibits a centrally concentrated profile as a consequence of the
dynamical friction that drags the satellite galaxies towards the
dynamical centre, and baryons are stripped and orbit the clus-
ter as the IC component. In parallel, studies of the dust con-
tent in cluster members have shown that systems approaching
regions of high density are found to be redder and dust deficient
than the population of galaxies in the field (Gavazzi et al. 2010;
Cortese et al. 2012). This scenario is even more dramatic for low-
mass-galaxies (Boselli et al. 2014). If then the Virgo ICL is built
up predominantly by tidal stripping of low-mass objects, we do
expect the presence of dust in the IC space. Removed from the
cluster galaxies and transported to the IC component by the same
environmental processes that remove their stellar content and/or
by additional ram pressure phenomena (Stickel et al. 2003, 2005;
Cortese et al. 2010, 2012), it would have similar spatial distribu-
tions, as our analysis shows.

Visual extinction, mass, and dust-to-gas ratio. From the
E(B − V) values presented in Sect. 2 and assuming an LMC
extinction factor RV = 3.4 (Gordon et al. 2003), we derive an
average visual extinction for the Virgo ICD, AV = 0.14 ± 0.01
within 1.5 deg from the centre that decreases to AV = 0.08±0.01
at 2 deg. The very low AV values that we find to characterise
the Virgo ICD make it clear that the detection of such a com-
ponent was only possible through the availability of NUV data,
which are very sensitive to extinction by dust. Within the uncer-
tainties of our measurements, Fig. 1 also shows that the ICD is
uniformly distributed for r ≤ 1.5 deg, allowing us to relate
the average visual extinction to the total mass of the ICD, Md
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Fig. 2. Top left panel: spatial distribution of the background galaxies, colour-coded according to the cluster E(B − V) means. The peak measured
south-west of M87 (red cross) is caused by background clusters. Black contours trace the cluster X-ray emission (Böhringer et al. 1994). Top right
panel: errors in the reddening map computed by means of Monte Carlo simulations. Bottom left panel: model of the Galactic dust emission in the
HeViCS fields in the SPIRE 250 µm band (Bianchi et al. 2017). Right panel: comparison between the Virgo dust reddening and different levels of
Galactic contamination (see legend in the bottom left panel). In all panels, the red cross identifies the centre of the cluster, while the magenta star
and triangle show the positions of M 49 and M 86, respectively.

(Muller et al. 2008). Under the assumption that the Virgo dust
grains are standard silicate grains, our result yields a total mass
Md = 2.5 ± 0.2 × 109 M�. We next computed the Md/Mg pro-
file of the dust-to-gas ratio. The estimate of the cluster gas
mass in radial bins is obtained through the formula Mgas =

4π
∫ ri+1

ri
µemune(r)r2dr (Ettori et al. 2013), where µe = 1.155,

mu = 1.6610−24 g is the atomic mass unit, and ne(r) is the Virgo
electron number density (Simionescu et al. 2017). The results,
plotted in Fig. 3, show no significant radial gradient, charac-
terised by an average value of Md/Mg = 3.0±0.3×10−4. Montier
& Giard (2004) have shown that when dust grains are in the ICM,
they can dominate the cooling mechanisms if the gas tempera-
ture is higher than Tg ≥ 107 K and Md/Mg > 2 × 10−5. Thus, the
ICD in Virgo acts as a gas coolant and contributes to a change in
the statistical properties of the Virgo ICM (e.g. Montier & Giard
2004; Pointecouteau et al. 2009; Vogelsberger et al. 2019).

Background obscuration. The identification of an ICD com-
ponent in Virgo has consequences for the count of background
sources in the Virgo direction. For a uniform dust optical depth

τV = 0.92AV , the lost fraction of background galaxies can be
approximated as fmiss = 1 − eατV (Masci 1998), with α the slope
of the optical luminosity function (LF) of the galaxies. When we
assume α ∼ −1.3 for galaxies with z in the range of our sample
(Ilbert et al. 2005), this yields an ∼15% deficit within 1.5 deg of
Virgo. Larger deficits are expected for sources at higher z given
the evidence of steeper LFs for systems at younger epochs.

4. Summary and conclusions

In this letter, we have presented the first finding of diffuse IC
dust in the ICM of the Virgo cluster over a radial scale of 0.4
virial radii. The ICD was detected by measuring (NUV-i) colour
excess for a sample of ∼12 000 background galaxies that lie
within 6 deg (1.1 rvir) from the cluster centre and whose mag-
nitudes in the GUViCS NUV- and SDSS i-bands were measured
with an uncertainty σ < 0.1 mag (Voyer et al. 2014). The con-
tamination by Galactic cirrus was subtracted by de-reddening the
measured colours of the correlation found to relate the (NUV− i)
colours and the Galactic dust reddening (Boissier et al. 2015). By
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Fig. 3. Radial variation of the Virgo ICD properties (dots). Top panel:
expected dust intensities at 250 µm as obtained from our E(B−V) mea-
surements. The dash-dotted and full purple lines denote the SB pro-
files of the X-ray gas and optical IC light components, respectively.
They have been scaled for a direct comparison with the I250µm profile.
Bottom panel: dust-to-gas mass ratios. The different colours identify
values derived using different Galactic extinction corrections. Shaded
areas trace the uncertainties on the mean values that include the stan-
dard deviation and the intrinsic measurement errors.

assuming an LMC extinction curve, we find that the estimated
colour excess translates into E(B − V) values such that closer
to the centre and within a 1.5 deg radius (0.3 rvir), the optical
reddening of the ICD is E(B − V) ∼ 0.042 ± 0.004 mag. More
specifically, our results show the following:

– Virgo has a diffuse ICD in a central region with a radius of
∼2.0 deg that increases towards the cluster centre as mea-
sured for the ICL component, although the variation with
radius is shallow within ∼1.5 deg (0.3 rvir). The similar spa-
tial distributions of the Virgo ICD and ICL suggest that dif-
fuse dust in Virgo is transported through similar processes as
those that originate the IC stars.

– The reddening values we find to characterise the diffuse dust
in Virgo imply variations in the physical properties of the
Virgo ICD with respect to the Galactic values either in terms
of temperature (colder for the ICD) or in terms of emissivity
(higher for the MW). In both cases, our findings emphasise
the need for multi-band data observations to further constrain
the physical properties of dust grains outside the main body
of galaxies.

– Within 1.5 deg (0.3 rvir), the Virgo ICD is characterised by
an average extinction, AV = 0.14 ± 0.01. This results in a
total dust mass Md = 2.5 ± 0.2 × 109 M� that is widespread
in the Virgo ICM with a dust-to-gas mass ratio Md/Mg =

3.0 ± 0.3 × 10−4. This means that it is deficient by a factor
of 100 relative to the Galactic ISM value and implies that
the ICD in Virgo constitutes an additional cooling agent of
the gas. Thus, the ICD plays an important role in the ICM
physics of the Virgo cluster.

– The presence of diffuse ICD obscures background sources
and may bias optical studies in the direction of Virgo.

This study is important for missions such as Euclid, Athena, and
SPICA, which are powerful tools for constraining dust-gas inter-
actions in the IC space of clusters.
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