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Abstract. New Effelsberg 1.4 GHz observations of the central 10◦ × 10◦ of the Virgo cluster are presented. NVSS data are
used to subtract point sources from our map. During the data reduction process special care is taken (i) to disentangle emission
from the North Polar Spur from emission from the Virgo cluster, (ii) to disentangle emission from the strong M 87 sidelobes
from emission from the Virgo cluster, and (iii) to correct for non-linear ground emission due to the long scans. We detect a low
surface brightness radio halo with a flux density of 5 ± 1.5 Jy centered close to the elliptical galaxy M 86. This halo is much
weaker than that observed in the Coma cluster. It is reminiscent of a past interaction between the intracluster medium of M 86
and a low density gas, belonging most probably to the Virgo cluster.
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1. Introduction

Galaxy clusters are the location of the largest diffuse radio
emission sources in the local Universe. A very hot (several
107 K) and tenuous (n ∼ 10−4 cm−3) gas pervades the whole
cluster. This gas can be directly observed in X-rays (see e.g.,
Ebeling et al. 1996). The existence of a cluster-wide diffuse ra-
dio emission indicates that there are additional, important com-
ponents of the intracluster medium (ICM): large-scale mag-
netic fields and relativistic electrons. In general these extended,
diffuse radio sources are divided into two subgroups (see e.g.,
Giovannini & Feretti 2002a): (i) cluster halos have low surface
brightness, are centered on the cluster center, and show a regu-
lar shape. Their prototype is Coma C (Deiss et al. 1997). They
have a steep spectrum and show a negligible degree of polar-
ization. Their typical size is ∼1 Mpc. (ii) Relic sources also
show low surface brightness and steep spectra, but in contrast
to radio halos they are elongated structures that are found at the
periphery of the cluster. In addition, their degree of polarization
is high. A3667 (Röttgering et al. 1997) represents an extreme
member of this group.

Diffuse, extended radio sources are rare. Giovannini et al.
(1999), using a complete cluster sample, found that 5% of
clusters have radio halos and 6% show relic sources. The
X-ray luminosity of clusters hosting a diffuse radio source
is significantly higher than that of clusters without such a
source (Giovannini & Feretti 2002b). The number of known
diffuse radio sources has significantly increased to about 40

� Based on observations with the Effelsberg 100-m telescope oper-
ated by the Max-Planck-Institut für Radioastronomie (MPIfR), Bonn,
Germany.

in the last years. Typical radio powers of diffuse sources are
1024−1025 W Hz−1 at 1.4 GHz. The strength of the magnetic
fields calculated using equipartition between the relativistic
electrons and the magnetic field is 0.1−1 µG.

There is strong evidence that diffuse radio sources are re-
lated to cluster mergers. Significant substructure in the X-ray
emission is detected in clusters hosting a radio halo/relic
(Böhringer & Schücker 2002). At present a merger scenario
could not be clearly excluded for a cluster showing a radio
halo (Giovannini & Feretti 2002a). The formation of halos and
relics is tightly linked to the dynamical behaviour of the clus-
ter. Whereas the magnetic fields and relativistic electron pop-
ulations are built during the cluster formation and subsequent
evolution, the energy supply for the maintenance of the diffuse
radio sources is due to recent gravitational interactions between
the cluster and an infalling galaxy group or cluster.

One of the best studied cluster radio sources is Coma (see
e.g., Deiss et al. 1997), which is located at ∼100 Mpc distance.
Its extent on the sky is about 1◦. To detect a large-scale, diffuse
emission in a galaxy cluster with a single-dish telescope, addi-
tional high angular resolution observations at the same wave-
length must be available to identify point sources, which have
to be subtracted. It must also be taken into account that the
region of interest should not be too large, because the low sur-
face brightness of diffuse radio sources implies a huge amount
of observation time at high frequencies. In addition, observa-
tions of large areas may have problems in the determination of
a constant baselevel. Because of these reasons, it is only now
that we attempt to detect a diffuse radio source in the Virgo
cluster with the Effelsberg 100-m telescope. The Virgo cluster,

Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20035783

http://www.edpsciences.org/
http://www.aanda.org
http://dx.doi.org/10.1051/0004-6361:20035783


58 B. Vollmer et al.: The Virgo cluster radio halo

with a distance of 17 Mpc1, is the nearest galaxy cluster on the
northern hemisphere. We cover the central 10◦ × 10◦.

Virgo is a dynamically young cluster, i.e. the galaxy dis-
tribution is not symmetric (see e.g., Schindler et al. 1999).
Several subgroups of galaxies are located closely in projected
distance and velocity to the Virgo cluster. The galaxy distri-
bution shows mainly a north-south and an east-west elonga-
tion. The ICM distribution observed with ROSAT in X-rays
(Böhringer et al. 1994) shows a symmetric component around
M 87 and an asymmetric, low surface brightness emission elon-
gated in the north-south direction. The main part of this asym-
metric component comes from the galaxy group around the el-
liptical galaxy M 49 located in the south of M 87. A small
X-ray halo is also associated with M 86, a big elliptical galaxy
located to the west close to M 87.

These asymmetries imply a high dynamical activity. At
the same time the Virgo cluster hosts a central cooling flow
(White & Sarazin 1988). Since it is thought that a major cluster
merger disrupts a central cooling flow (see White et al. 1993)
for the Coma cluster), the existence of a symmetric X-ray halo
and a cooling flow around M 87 thus implies that the Virgo
cluster did not experience a major merger in the recent past.
Nevertheless, this might happen in the near future (Tully &
Shaya 1984).

From the central cD galaxy M 87 a distorted radio jet em-
anates, surrounded by a radio minihalo (Andernach et al. 1979;
Rottman et al. 1996; Owen et al. 2000). Its linear extent is
about 80 kpc. This minihalo is directly related to the radio jet
of M 87 and can thus not be qualified as a radio halo as defined
above.

We have attempted to detect diffuse radio emission on a
Mpc scale in the Virgo cluster at 1.4 GHz with the Effelsberg
100-m telescope. When conducting a search for a presum-
ably weak radio halo from the Virgo cluster, the presence of
the quite bright radio source Virgo A (3C 274, M 87) must
be taken into account. At 1.4 GHz the peak flux density is
about 150 Jy when measured with the Effelsberg telescope.
Such a strong signal produces antenna sidelobes within the
area of the cluster what must be adequately taken into account.
Another complication arises from the North Polar Spur (NPS),
an intense Galactic radio shell, which is likely the old rem-
nant from a nearby supernova explosion. Its minimum dis-
tance was previously estimated to be about 100 pc. Its diam-
eter is about 116◦ ± 4◦ (Berkhuijsen et al. 1971). The NPS is
seen in projection towards the south-eastern area of the Virgo
cluster. Virgo A is close to the outer periphery of the NPS as
shown in Fig. 1, where a section of the 1.42 GHz northern-sky
Stockert survey (Reich & Reich 1986) is displayed to illustrate
the unfavourable situation. However, this absolutely calibrated
Stockert survey data may be helpful in a separation of the dif-
ferent contributions.

The observations, data reduction, and the results are de-
scribed in Sect. 2 followed by the discussion in Sect. 3 and
the our conclusions (Sect. 4).

1 We use a Hubble constant of H0 = 70 km s−1 Mpc−1.

Fig. 1. Section of the 1.4 GHz Stockert continuum survey show-
ing a part of the North Polar Spur close to the Virgo cluster with
Virgo A or M 87 at its center. The greyscale range is between 3.3 K
(white) and 3.7 K (black). Intensities above 3.7 K are clipped (shown
white). The map is in the equatorial coordinate system and centered
at 12h57m18 .s4, 12◦24′24′′ (J2000) or 6◦ to the east of Virgo A. The
10◦ × 10◦ field observed with the Effelsberg telescope is indicated.

2. Observations, data reduction and results

We used the Effelsberg 100-m telescope at 1.4 GHz to map
a 10◦ × 10◦ field centered on Virgo A in the equatorial coor-
dinate system. The observations were started in January 2001
and completed in February 2002. Only data from night-time
observations were used to avoid any influence of solar sidelobe
emission. The field was mapped in orthogonal directions in the
equatorial coordinate system by moving the telescope with a
speed of 4◦/min. The subscan separation was 4′, which pro-
vides full sampling for a beam width (HPBW) of 9.′4. The large
size of the field required to split the observations into several
subfields. In total about two full coverages and in addition some
incomplete sections were obtained in both scanning directions.
The integration time per pixel was between 4 and 5 s.

Effelsberg continuum and polarization observations with
the L-band prime-focus receiver, their reduction and calibration
were already described by Uyanıker et al. (1998). In brief, the
receiver has two channels for the amplification of the left and
right circularly polarized components and is tunable within a
frequency range from 1.29 GHz to 1.72 GHz. Cooled HEMT
amplifiers reduce the system noise to about 30 K. The drift
stability of the system is extremely high that it is operated in
total-power mode without any switching. Weather conditions
have in practice no influence on the quality of the data. Only
in extreme cases of snow and rain fall the noise increases and
the baselines are affected. Observations are interrupted in these
rare cases. However, impulsive or low level broadband interfer-
ence was sometimes noted, which needs careful editing. For the
observations presented here two IF-polarimeters were used in
parallel with center frequencies at 1.395 GHz and 1.408 GHz.
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The bandwidth of each polarimeter was 14 MHz. The cross-
talk between the left and right circular components was found
to differ for both subbands and each of them needs to be sep-
arately corrected, following in principle the method described
by Uyanıker et al. (1998), where the cross-talk of the total-
power channels into the polarization channels was canceled.
The amount of cross-talk is a few percent of the total intensity
signal and is a tribute to the wide frequency range where the
receiver can be used.

The calibration of the data relies on the nearby strong ra-
dio source 3C 286 as the primary calibrator, assuming 14.4 Jy
and a percentage polarization of 9.3% at 33◦ polarization angle.
Daily calibration parameters were calculated from the average
of all observed calibration sources during a night. The con-
version factor from the Jy/beam-scale into main beam bright-
ness temperature was determined by Uyanıker et al. (1998) to
2.12 ± 0.02 K/(mJy/beam). We did not make a spectral correc-
tion for the frequency difference of both subbands used.

The raw data were acquisited at a rate of 16 msec in
2 × 4 channels. Continuous calibration was applied, where an
additional calibration signal was injected for 50% of time. The
calibration signal was also used to correct for any phase drift
in the IF-polarimeter. The data were interpolated onto a 4′ grid
along the scanning direction, the same as for the scan separa-
tion. Linear baselines were subtracted, which were calculated
from a few datapoints at both ends of each scan. This is a stan-
dard procedure for single-dish observations, however, only a
first step in our case because of the significant influence of
the NPS in about half of the map. In addition a systematic neg-
ative curvature remains, which reflects the non-linear ground
radiation picked up by the telescope’s far-sidelobes. This ef-
fect may mask or at least reduce any existing symmetric halo
centered on Virgo A we aim to detect. For Stokes U and Q lin-
ear baseline settings to zero at the edges of the observed map
are a compromise as well, since polarized Galactic emission
exists everywhere, but requires absolute measurements to get
its large-scale level. As an alternative, which is mostly used
in synthesis telescope observations, the average of a map in U
or Q is defined as the zero level.

The observed scans were arranged into maps, edited by
standard procedures for spiky interference and baseline distor-
tions of individual scans using an unsharp masking procedure
(Sofue & Reich 1979). Correction for cross-talk of the polar-
ization channels and conversion of the raw data into the main
beam brightness scale finalizes the raw data reduction. All total
intensity maps as well as all U and Q maps were combined us-
ing the PLAIT procedure (Emerson & Gräve 1988), which in-
cludes a destriping algorithm by weighting down Fourier com-
ponents along the individual scanning direction of each map.
The maps from both subbands were checked for differences,
which might show residual interference effects or in the case
of U and Q indicate significant Faraday rotation of the po-
larized emission. However, the differences in U and Q were
within the noise and we averaged the maps from both channels
in the same way as the total intensity maps.

From the final maps in U and Q we measured a rms-noise
of ∼3 mK Tb in flat regions. Measuring the rms-noise from the
total intensity map is difficult as the map is clearly limited by

Fig. 2. Effelsberg total intensity map of the Virgo cluster field centered
on Virgo A (M 87) at 12h30m49 .s4,+12◦23′28.0′′(J2000). The resolu-
tion is 9.′4.

confusion, which is about 7 mJy/beam or 15 mK Tb at 1.4 GHz
for the Effelsberg telescope (Uyanıker et al. 1999) at a resolu-
tion of 9.′4. The measured noise is in the confusion range.

We show the observed I map in Fig. 2. Some systematic to-
tal intensity decrease towards the map center is due to residual
nonlinear ground radiation. The total intensity map shows clear
radial sidelobe structures centered on Virgo A due to the four
subreflector support legs of the telescope. These limit the dy-
namic range of the final map to about −28dB close to Virgo A
after averaging all maps which were observed at different par-
allactic angles. We tried to further lower these sidelobe re-
sponses by taking into account the contribution from the in-
dividual maps to the central region. Five maps contribute to the
central region which have mean parallactic angles in the range
between 37◦ and−30◦. Differences of the individual maps com-
pared to the mean map were used to blank regions with strong
sidelobes. The fairly uniform ring-like, but weaker diffraction
sidelobes remained almost unchanged. In an iterative process
the dynamic range could be improved. This method was previ-
ously applied to remove the sidelobe response from the subre-
flector support legs from CAS A, which is stronger than M 87,
in the Effelsberg 1.4 GHz Galactic plane survey by Reich et al.
(1997, their Figs. 1 and 2). The issue how residual sidelobe
structures might affect the search for a radio halo is further dis-
cussed in Sect. 2.3.

Polarized intensities and polarization angles were calcu-
lated from the U and Q maps after they were offset-adjusted
so that their mean is zero. The final map of polarized inten-
sity is shown in Fig. 3. The main beam response of U and Q
from Virgo A must be considered as residual instrumental po-
larization and was clipped. In the ring of first sidelobes some
residual instrumental polarization is visible which is on a level
of less than 0.1% of the maximum total intensity from Virgo A.
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Fig. 3. Effelsberg polarized intensity map of the Virgo cluster field
centered on Virgo A (M 87) at 12h30m49 .s4,+12◦23′28.0′′(J2000).
The resolution is 9.′4. The lines show the E vectors.

Weak radial structures centered on Virgo A have an instrumen-
tal origin. Away from Virgo A patchy coherent polarization
structures are visible with maximum polarized intensities of
about 70 mK (south-east of Virgo A). A number of filamen-
tary structures are running mostly in the direction of the NPS
filaments. The NPS is known to be a highly polarized feature in
the sky (Spoelstra 1972a,b). The Effelsberg map misses some
fraction of this large-scale emission as already mentioned in the
context of baseline setting. Since the observed polarized emis-
sion is clearly of Galactic origin, we do not consider these data
any more in the following analysis.

2.1. Source subtraction

In order to increase the sensitivity for diffuse emission, which
is clearly limited by confusion of unresolved compact sources,
we make use of the NVSS (Condon et al. 1998), a sensitive
source survey at 1.4 GHz carried out with the VLA. The survey
maps show sources down to about 1 mJy at ∼45′′ angular reso-
lution and are insensitive to all structures exceeding about 4.′8.
We combined all NVSS data for the observed 10◦ × 10◦ field
and fitted compact sources down to about 1 mJy with an ellip-
tical Gaussian. Residual sources where tried to be fitted with
a more robust, circular Gaussian in a second run. No attempt
was made to fit and subtract M 87. We constructed a map from
the fitted sources which is free of the low-level instrumental
artifacts visible in the original NVSS survey maps. This map
was convolved to the same angular resolution as the Effelsberg
observations. We found the scaling factor for the source map
by fitting the slope of an intensity-versus-intensity plot for a
number of subsections of the map. The scatter was found to be
less than 10%. The convolved and scaled source map was then

Fig. 4. Radial profiles of the Effelsberg 1.4 GHz map where the point
sources are subtracted. Solid line: mean radial profile. Dashed line:
fitted analytical profile (Eq. (1)).

subtracted from the Effelsberg map. A few residual sources left
from the source fitting procedure were removed afterwards.
In some cases residuals at the location of strong sources re-
main. The reasons are a complex source structure not well fit-
ted by a Gaussian, variability, pointing differences between the
Effelsberg and the VLA maps or scaling differences in case of
strong sources. This procedure reduces the noise-level of the
total intensity map to about 4 mK Tb (3.1 mJy/beam) when
convolved to a resolution of 12′. In the following all maps are
convolved to a resolution of 12′.

2.2. Total intensity baselevel setting

As already mentioned, a systematic negative curvature towards
the center of the total intensity map remains, which reflects the
non-linear ground radiation picked up by the telescope’s far-
sidelobes, masking or at least reducing any existing symmetric
halo centered on Virgo A we want to detect. We decided to
apply three different approaches to remove this curvature from
the image: (i) subtraction of the mean radial profile of the map;
(ii) subtraction of a symmetric analytical profile close to the
mean radial profile; and (iii) baselevel correction using an ab-
solutely calibrated map of lower resolution (35′).

(i)/(ii) We calculated the mean radial profile of the observed
image and then fitted an analytical expression to it

S = 60 (1 − cos(20.8 D))− 70, (1)

where D is the distance from M 87 in degrees (Fig. 4) and S
is in mK. These profiles were subtracted from the total power
image where the point sources are subtracted, whereas the side-
lobes are still included (Figs. 5 and 6). In this way we only in-
vestigate the influence of the baselevel subtraction. Since in the
analytic expression the central peak is not included, M 87 ap-
pears entirely in Fig. 6, whereas only its sidelobes remain in
Fig. 5. The distributions of the diffuse, extended emission are
very similar for both images. The structures that are elongated
in the north-east towards south-west direction most likely be-
long to the NPS. A region of diffuse emission can be seen
north-west of M 86 with a linear extent of ∼1.◦5. This feature
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M86

Fig. 5. Effelsberg 1.4 GHz total power map (Fig. 2) where the point
sources and the mean radial profile are subtracted. The resolution
is 12′. The RA and DEC axis are the same as in Fig. 2. The location
of M 86 is indicated.

M86

Fig. 6. Effelsberg 1.4 GHz total power map (Fig. 2) where the point
sources and the analytically fitted profile are subtracted. The reso-
lution is 12′. The RA and Dec axis are the same as in Fig. 2. The
contours show the radio emission of M 87. The location of M 86 is
indicated.

does not show a north-west elongation typical for the NPS and
thus most probably originates in the Virgo cluster.

(iii) We use the section of the absolutely calibrated Stockert
1.4 GHz survey map (Reich & Reich 1986) to correct the
source-subtracted Effelsberg map first for absolute baselevels
and then for flat baselevels across the 10◦ field in order to iden-
tify extended emission from the Virgo cluster. The Stockert
map at 35′ was first decomposed into its large scale (≥2◦) emis-
sion using the “background filtering method” by Sofue & Reich
(1979). The Effelsberg map was convolved to an angular res-
olution of 2◦ and the difference to the large-scale structures

0 50 100

D
E

C
L

IN
A

T
IO

N
 (

B
19

50
)

RIGHT ASCENSION (B1950)
12 45 40 35 30 25 20 15 10

17

16

15

14

13

12

11

10

09

08

Fig. 7. Effelsberg 1.4 GHz total power map (Fig. 2) where the point
sources are subtracted, the sidelobes are removed, and the large-scale
structure is added. The resolution is 12′. The greyscale runs from 0 to
100 mK. The contours are (1, 1.5, 2, 2.5, 3, 4, 5, 6, 7, 8, 9, 10) 40 mK.
At 12′ 1 mK corresponds to 0.77 mJy/beam.

from the Effelsberg map was added to the Effelsberg map at
its original angular resolution. The general gradient in the map
from north-west to south-east due to the presence of the large-
scale NPS emission (see Fig. 2) was further reduced by ap-
plying again the “background filtering method” with a 2◦ filter
beam to remove the large-scale gradient. Finally small offsets
were taken from ring integration to set the average zero level at
about 4◦ distance from Virgo A. The result of this procedure is
shown in Fig. 7. As in Figs. 5 and 6 emission of the NPS has
a characteristic elongation from north-east towards south-west
and is visible in the south-eastern quadrant of the image. At
this low surface brightness level the residuals of the sidelobes
around M 87 can be seen mainly to the north and south of M 87
(compare with Fig. 5). The bright structures surrounding M 86
are most probably also due to sidelobes of M 86. However, the
large, low surface brightness emission at larger distances from
M 86 is the same as the one observed in Figs. 5 and 6. It is
further discussed in Sect. 2.4.

2.3. Sidelobe response

We are interested in weak diffuse emission structures in the sur-
rounding area of Virgo A and need to know its sidelobe contri-
bution to a very low level. Deep observations of the antenna
characteristics at 1.4 GHz are difficult using strong and com-
pact celestial sources like Cas A, Cygnus A or Taurus A, as
they have Galactic emission structures in their surroundings
as well as extragalactic compact sources exceeding the tele-
scope’s sidelobe response in intensity and are difficult to sep-
arate. Since no actual antenna pattern is available at 1.4 GHz
no full cleaning like that applied by Rottmann et al. (1996) at
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Fig. 8. Radial intensity profiles measured at 11.8 GHz using the
EUTELSAT satellite and scaled to 1.4 GHz in comparison with mean
radial intensities measured in the sectors 0◦−90◦ and 90◦−360◦ (coun-
terclockwise from north) from the map shown in Fig. 7.

10 GHz was possible. Therefore we were limited to remove
only the strongest sidelobe structures from the subreflector sup-
port legs as described above, but we will show that the residual
diffraction sidelobes from M 87 are weaker than the halo emis-
sion we are looking for.

Kalberla et al. (1980) have made antenna pattern measure-
ments of the Effelsberg 100-m telescope at 1.4 GHz using
Cas A and separated the antenna sidelobes from sky emis-
sion by comparing measurements at different parallactic an-
gles. The sun was used in addition to measure a small area with
the telescope’s far-sidelobes at 60◦ to 65◦ distance. Kalberla
et al. (1980) measure within 1◦ to 4◦ distance from the main
beam patchy sidelobe structures within −40dB and −45dB
(their Fig. 2). This level excludes the clearly enhanced cross-
like structures from the slit diffraction pattern of the four feed
support legs.

Meanwhile more detailed information on the telescope’s
sidelobes structures became available in the course of holo-
graphic measurements using geostationary satellites. Their
beacons are so strong that any sky emission does not confuse
with the sidelobe structures. These measurements, however, are
made at high frequencies and need appropriate scaling to be
comparable with the 1.4 GHz sidelobe structure. We used for
comparison the antenna pattern measured by Reich & Fürst
(2000) using the beacon onboard EUTELSAT at 11.7 GHz.
The edge taper of the 11.7 GHz feed was lower than that of
the L-band feed to have sufficient sensitivity for the adjust-
ment of the outer telescope panels based on the holographic
result. Therefore the antenna pattern at 11.7 GHz when scaled
to 1.4 GHz is expected to show slightly higher sidelobe lev-
els than present at 1.4 GHz. In addition the telescope surface
deviations from the ideal parabolic shape enhance the high
frequency sidelobe levels more than those of the L-band. A
comparison of the scaled and ring-averaged 11.8 GHz pattern
with ring-integrated emission from the map shown in Fig. 7
is displayed in Fig. 8. We show the emission in the M 86
quadrant (position angles 0◦ to 90◦). From the 11.8 GHz pat-
tern the contribution of the four subreflector support legs was

excluded from the ring integration. Clearly the antenna side-
lobe levels are below −40dB for radii larger than about 60′ and
drop to below −55dB beyond 180′. The emission measured in
the M 86 area is clearly higher than any instrumental effect
and also higher than the emission measured in the other quad-
rant, which includes some low-level filamentary fine structures
which are likely from the NPS according to their general orien-
tation. The emission profiles depend on the adopted zero levels,
which we have defined at a radial distance of 40′ from Virgo A.
The uncertainty is estimated to about 5 mK, which has an ef-
fect of less than 1dB at the −40dB level and about 6dB at the
−50dB level for example.

2.4. The M 86 radio halo

Based on Figs. 5–8 the radio halo around M 86 is a robust fea-
ture of low surface brightness (∼50 mK or ∼38 mJy/(12′ beam)
at a distance of about 1◦ from M 86). Its radial extent is ∼2◦ to
the west. It is not possible to determine its extent to the east
because of the emission of M 87 and its sidelobe residuals. In
Figs. 5 and 6 the M 86 radio halo appears to be asymmetric,
which is mainly due to the way how the radially symmetric
emission was subtracted. Thus it is unclear whether the M 86
radio halo is symmetric or not.

For an estimate of its total 1.4 GHz flux we adopted two
strategies: (i) we assume an asymmetric radio halo and inte-
grate the emission in incomplete rings centered on M 86 up to
a distance of 2◦. The area close to M 87 (right ascension offset
<−36′) was excluded. In this way we derive a lower limit for
the flux density of 4.7 ± 1.4 Jy; (ii) we assume a symmetric
Gaussian distribution with a HPW of 2◦ and a peak intensity
of 80 mK at 12′ resolution. In this case the halo flux density is
about 6.1±1.2 Jy for an estimated error of 20%, which we take
as an upper limit. Combining both results we quote 5 ± 1.5 Jy
for the halo flux density.

3. Discussion

The analysis of our 1.4 GHz Effelsberg data has shown that
the Virgo cluster does not host a bright, large-scale radio halo.
However, we cannot exclude the existence of a weak radio halo
centered on M 87 of a diameter smaller than 4◦ (∼1.2 Mpc)
with a surface brightness smaller than one third of the radio
halo in the Coma cluster. The detected M 86 radio halo is
smaller in size and not located in the cluster center as is the
case for the Coma cluster radio halo (see e.g., Deiss et al.
1997). Its radial extent to the west is ∼2◦. We cannot deter-
mine whether the M 86 radio halo is symmetric or not because
of its proximity to M 87. It is not excluded that the M 86 halo
comprises M 87 and that the center is located between M 86
and M 87. This would resemble the large-scale structure of the
X-ray structure (Finoguenov et al. 2004). As already mentioned
in Sect. 1 the Virgo cluster is classified as a cooling flow clus-
ter. Since radio halos avoid this kind of galaxy clusters, this is
an expected result.

However, we detect a radio halo around the elliptical
galaxy M 86. Despite the complex data reduction (side-
lobes, ground emission, point sources) this result is robust
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(see Sect. 2) and entirely unexpected. The radio halo appears
to be more extended to the north-west (Figs. 5–7), but the data
do not allow to derive a firm conclusion. Why should M 86
harbour a radio halo? If we assume that a radio halo witnesses
a past interaction, one possibility is that the ICM of M 86 has
interacted with the ICM of M 87, i.e. of the Virgo cluster, in
the past. In this case M 86 is falling into the Virgo cluster from
behind (its radial velocity is −1350 km s−1 with respect to the
cluster mean velocity).

Finoguenov et al. (2004) observed M 86 in X-rays with the
XMM-Newton telescope. They found a shock in the south-west
of the galaxy center. Since Neilsen & Tsvetanov (2000), us-
ing the method of surface brightness fluctuations, place M 86
at 2.4 ± 1.4 Mpc behind the cluster, Finoguenov et al. (2004)
concluded that M 86 is not interacting with the Virgo ICM, but
with a filament detected in the ROSAT observations (Böhringer
et al. 1994). Moreover, Finoguenov et al. (2004) claimed that
the asymmetric, high surface brightness X-ray distribution of
M 86 is due to close, high velocity galaxy–galaxy interactions.
They also noted that the X-ray halo around M 86 is relatively
symmetric, but there is an offset between the center of the large-
scale distribution and the location of M 86, which is displaced
to the south-east (their Fig. 12). This offset is consistent with
the M 86 halo asymmetry we observe in our radio data. The
fact that M 87 does not show a bright large-scale halo might
indeed indicate that M 86 has not yet passed M 87, or that it
has passed M 87 very recently so that the halo is not built yet.

On the other hand, the distribution of dwarf galaxies
(Schindler et al. 1999) around M 87 is asymmetric with its
maximum located between M 87 and M 86. A possible expla-
nation is that M 86 has already passed M 87 and that M 87 is
moving (see Vollmer et al. 2001) or that the dwarf galaxies fol-
low the perturbed gravitational potential with a certain delay.

We are thus left with two possible scenarios:

(i) M 86 is entering the cluster from behind and is located at
a distance D > 2 Mpc.

(ii) M 86 has just passed M 87 and a radio halo has not yet
been built around M 87.

It is not clear how galaxy–galaxy interactions that act on scales
between 10 kpc and 50 kpc at most can give rise to a radio halo
of 600 kpc. In contrast, a large-scale shock in the ICM due to
an ICM–ICM interaction between M 86 and M 87 can do it.
Thus, the radio halo of M 86 is most probably due to an inter-
action between the ICM of M 86 and a large-scale gas struc-
ture with a density much smaller than 10−4 cm−3. The M 86
radio halo has a linear extent of ∼0.6 Mpc. After an interac-
tion, the reverse shock wave that travels with a sound speed of
∼500 km s−1 needs ∼1 Gyr to cross the halo. This is about the
timescale to build a radio halo. The radio halo is thus reminis-
cent of a past interaction of the M 86 ICM with a low density
gas, whereas the X-ray morphology is due to a recent interac-
tion of the M 86 ICM with a relatively high density gas.

If M 86 was about 2 Mpc away from the cluster center, it
would have been about 3 Mpc away at the time of the begin-
ning of the interaction (assuming a velocity of 1300 km s−1).
At a distance of 2 Mpc the Virgo ICM density is far below
10−4 cm−3 (Schindler et al. 1999). Why should there be a gas

filament of a density of several 10−4 cm−3? We do not see how
there can be such a large density contrast of the gas that in-
teracts with the M 86 ICM between 3 Mpc (beginning of the
large-scale interaction) and 2 Mpc (small-scale interaction).
This density gradient is naturally found further inside the clus-
ter. Therefore, we prefer scenario (ii), where the interaction be-
gan at a distance of ∼1 Mpc to 2 Mpc from the cluster center.
This interaction decelerated the outer ICM of M 86 whereas
M 86 itself continued its way into the Virgo cluster where it
now meets Virgo ICM gas densities of several 10−4 cm−3. It
might be near M 87, making it move or trailing the dwarf
galaxies behind it. This scenario explains naturally the high
ICM density needed to produce the observed shock and the
high velocity galaxy–galaxy encounters needed to explain the
high surface brightness X-ray morphology of M 86, since high-
speed encounters are more probable in the cluster core where
the galaxy density is higher.

4. Conclusions

We present Effelsberg 1.4 GHz observations of the central
10◦ × 10◦ of the Virgo cluster, in order to investigate if the
cluster hosts a diffuse radio halo. Three major obstacles have
to be overcome to detect a large-scale, low surface brightness
structure: (i) the North Polar Spur (NPS) extends into the Virgo
cluster region; (ii) the high flux density of the central cD galaxy
M 87 leads to strong sidelobes; and (iii) the ground radiation
due to the large scans. The NVSS survey is used to subtract
the point sources from our total intensity map. In this way we
decrease the rms noise level from 7 mJy/beam at a resolution
of 9.′4 to 3 mJy/beam at a resolution of 12′. In the total in-
tensity and polarized intensity map the NPS appears as elon-
gated structures running along the north-east to south-west di-
rection in the south-eastern part of the maps. Parts of the NPS
extend up to the location of M 87. We corrected for the non-
linear ground radiation in three ways: (i) we subtracted the ob-
served mean radial profile; (ii) we subtracted an analytical pro-
file; and (iii) we corrected for the large-scale structure with the
help of absolutely calibrated 1.4 GHz observations of lower
resolution. The remaining sidelobe confusion is analyzed us-
ing a holographic, deep antenna pattern at 11.7 GHz using the
EUTELSAT satellite.

It is concluded that

1. We do not detect a bright, large-scale radio halo, as is ob-
served in the Coma cluster.

2. We detect a radio halo around the elliptical galaxy M 86
with an estimated radial extent of∼2◦ and an estimated total
flux density of 5 ± 1.5 Jy.

3. The detection of the M 86 radio halo is robust.
4. The radio halo is a witness of a past interaction of the

M 86 ICM with low density gas at the outskirts of the Virgo
cluster.

5. This leads to a scenario where the ICM of M 86 had an in-
teraction ∼1 Gyr ago with a low density gas, whereas M 86
itself is undergoing currently an interaction with a relatively
high density gas (Finoguenov et al. 2004).
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