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Ram pressure: the action of the intracluster medium 
(ICM) on the spiral galaxies of a cluster.  

● It removes gas from spirals and decreases their star 
formation rate.  

● There is an enhancement of the global magnetic field 
due to the action of ram pressure.  

Ram pressure

Vollmer et al. 2013



● Seyfert-2 Sb-type galaxy therefore, it hosts 
an AGN.  

● Close to the cluster core (only 1°.3 from 
Virgo A).  

● Poor content of HI due to interaction (it has 
lost 85 % of its HI).  

  

NGC 4388

● Seyfert-2 Sb-type galaxy therefore, it hosts an AGN.

● Close to the cluster core (only 1°.3 from Virgo A).

●  Poor content of HI due to interaction (it has lost 85 % of its HI).

NGC 4388

Yoshida et al. 2004



  T. Oosterloo et al. 2008

● Moving at 1500 km/s.

● Ionized Hα region extending 
35 kpc o( the galactic plane.

● X-ray emission out to 16 kpc in 
a similar position as the 
ionized gas.

ISM strongly a�ected by the 
passage through the cluster.

NGC 4388

 

NGC 4388

● Moving at 1500 km/s 
● Ionized Hα region extending 35 kpc off        

the galactic plane. 
● X-ray emission out to 16 kpc in a 

similar position as the ionized gas.  

ISM strongly affected by the passage 
through the cluster.  

Oosterloo et al. 2008



Total intensity from VLA 
(Vollmer 2010) 

Total intensity from EVLA (Damas-
Segovia et al. in prep.)

NGC 4388 - New EVLA observations
EVLA observations from the CHANG-ES survey at 6 GHz

  

NGC 4388 models

Ram pressure models predict an ingoing ram pressure for this galaxy (Vollmer et al. 
2003)

The model estimates that the ram pressure at the present 
time would be:

VLA total intensity and 
polarized emission
(Vollmer et al. 2010)

  

NGC4388 C band (6 GHz) C array (2.7 arcsec). 

Total Intensity. Rms = 4.5μJy/beam

Total Intensity from CHANG-ESTotal intensity

rms = 60µJy/beam rms = 6µJy/beam



Polarization with RM-synthesis 
(Damas-Segovia et al. in prep.)

NGC 4388 - New EVLA observations

rms = 1µJy/beam

EVLA observations from the CHANG-ES survey at 6 GHz

  

NGC 4388 models

Ram pressure models predict an ingoing ram pressure for this galaxy (Vollmer et al. 
2003)

The model estimates that the ram pressure at the present 
time would be:

VLA total intensity and 
polarized emission
(Vollmer et al. 2010)

  

Polarization maps using di(erent weighting + RM-Synthesis

The electrons must be traveling at ~ 380 km/s (5 kpc from the spiral arm)
This speed is typical for galactic winds.

C band, D plus C array, total intensity rob2C band, C array, polarization and rob 2
Polarized emission from 

VLA (Vollmer 2010) 

Polarization

rms = 10µJy/beam



A. Damas et al.: Magnetic outflows from NGC 4388

Fig. 1. Total intensity at 6 GHz in contours plus magnetic vectors, corrected for Faraday rotation, with a resolution of 4.99′′ × 4.69′′ and an
rms noise of 3.5 µJy/beam. The contours levels are (3, 4, 6, 12, 24, 48, 96, 200, 500) × 3.5 µJy/beam. A combination of the data from the C and
D configurations of the VLA was used to make the total intensity map whereas only C configuration data was necessary to create the map of
magnetic vectors. Both maps have been cleaned with a robust 2 weighting.

Table 2. Equipartition field strengths

L (kpc) α Bord (µG) Btot (µG)
Inner outflow N 1.0 0.8 - 67
Outer outflow N 1.0 0.8 23 45
Outflow S 1.0 0.8 14 30
Arm/disk SE 1, 4 a 0.8 16 23
Arm/disk NW 1, 4 a 0.8 13 21
Blob NW 2.3 1.0 9 12 b

Blob SE 2.3 1.0 9 12 b

Arc N 0.5 1.0 13 -
Arc S 0.5 1.0 13 -

aThe path-length through the spiral arm is used for polarization,
the path-length through the inclined disk for total intensity.

bEstimated from the degree of polarization of Fig. 5.

intensities are similar. This is due to the different pathlengths
chosen for each region.

For the two blobs (NW and SE), Btot was estimated by
using a mean degree of polarization for the NW blob of about
40% derived from Fig. 5 and assuming a similar degree of
polarization for the SE blob.

4. Interpretation

4.1. Nuclear outflow

We clearly detect the northern outflow lobe extending from
the center towards the north in total intensity (Fig. 1), while
the southern counterpart is weak. Due to the inclination of the
galaxy, the emission coming from the northern outflow travels
through the disk on the way to the observer, contrary to the emis-
sion of the southern counterpart. It is common in AGN observa-
tions to see one side of the jet brighter than the other due to
Doppler beaming (Pearson & Zensus 1987; Kellermann et al.
2007). The blue-shifted velocities of the Hα outflow in the north
indicate that the northern outflow is pointing towards the ob-
server. In those cases, the jet has an inclination towards the ob-
server and it travels at relativistic speed. That could be the case
for NGC 4388, but it is difficult that its AGN jet remains rela-
tivistic until kilo-parsec scales. A possible explanation for this
configuration would imply an internal asymmetry in the ISM
density close to the AGN core. This situation is supported by
O III observations (Falcke et al. 1998) where there is a region of
diffuse emission towards the south of the nucleus.

The northern lobe shows strongly polarized emission at the
top of the northern extension with degrees of polarization of
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and D array configurations rms = 3.5µJy/beam
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Fig. 2. Total intensity contours plotted over Hαmap from Yoshida et al.
(2002). Contours are (3, 4, 6, 12, 24, 36, 48, 64, 128, 256, 512, 1024) ×
3.3 µJy/beam. This map was made with data of C configuration with
robust 0 weighting. The resolution of the radio total intensity is 2.76′′ ×
2.67′′ and the rms noise is 3.3 µJy/beam.

Fig. 3. Strengths of the ordered field computed from the map of po-
larized intensities using the revised equipartition formula by Beck &
Krause (2005).

12 % (Fig. 5). The central part of the structure suffers from de-
polarization effects. As the outflow is orientated almost perpen-
dicular to the disk, its northern part is located behind the disk.
Faraday depolarization could be strong due to the northern spi-
ral arm that is located between the northern outflow and the ob-
server. Alternatively, depolarization effects could occur in the
outflow itself.

Thanks to the new polarized emission maps, we are able to
identify for the first time the counter-outflow towards the south.
The main indication is the change of the orientation of the mag-
netic vectors from parallel to the spiral arms of the disk to paral-

lel to the blob in the southern part that is connected to the center
of the galaxy (Fig. 1). This is a clear indication of a different
structure crossing right in front of the southern arm. The degree
of polarization in the southern jet is 8 %, similar to the outer part
of the northern outflow. Contrary to the northern lobe, the south-
ern lobe does not show much depolarization, probably because
the southern spiral arm does not interfere between the southern
outflow and the observer.

Faraday rotation measures in the outflows of NGC 4388 will
be shown and discussed in a future paper.

4.2. Origin of the polarization arcs

We detect fainter polarized emission extending further beyond
the end of both outflows. There are striking similarities in mor-
phology between these features and the Hα outflow (Fig. 4). The
projected lengths of these arc-like structures are 50′′ (4.1 kpc)
and 20′′ (1.7 kpc) for the northern and southern parts, respec-
tively. In both cases the width to half power is about 3.9′′
(0.3 kpc), after correction for beam smearing. The symmetric
position of these extensions with respect to the galaxy’s cen-
ter suggest outflows driven by the radio jets. The magnetic
field vectors show an ordered field along both outflows. None
of these external features are seen in total intensity due to the
higher signal-to-noise ratios in the polarization maps.

The magnetic vectors in the southern part connect the nu-
cleus with the southern polarization arc through what seems a
wiggling structure. This change of direction could be caused by
the action of a precession event by the AGN jet. In that case, the
polarization arcs we see at kiloparsec scales are the continuation
of a structure that originates in the nucleus.

The origin of the arcs of NGC 4388 will be discussed in
more detail in a future paper.

4.3. Origin of the polarization blobs in the halo

We clearly detect polarization along both spiral arms (Fig. 4), but
these regions are shifted from the spiral arms detected in total
intensity (Fig. 2), with the maxima of polarization located along
the inter-arm regions, as expected for spiral galaxies (Beck &
Wielebinski 2013). In addition, there are faint blobs of polarized
emission further in the halo, in the northwestern and southeast-
ern areas above and below the disk (Fig. 4), with magnetic vec-
tors forming a vertical field structure (Fig. 1). There is an area of
beam depolarization, because the vectors of the disk and vectors
in the halo are perpendicular to each other.

The fact that the synchrotron blobs are detected next to both
main spiral arms indicates that they are related to a galactic wind
event. If so, we may consider that a cosmic-ray electron (CRE)
has been transported by the wind from the spiral arm to the posi-
tion of the synchrotron blobs. Then, we can estimate the speed of
a galactic wind with help of the CRE synchrotron lifetime (e.g.
Beck & Wielebinski 2013):

tsyn = 1.06 × 109 yr ·
(

B
µG

)− 3
2 ( ν

GHz

)− 1
2 ≃ 10.4 Myr , (1)

where B ≃ 12 µG is the total magnetic field (Table 2) and ν =
6.0 GHz is the observation frequency. The distance between the
spiral arm and the outer edge of the blob (at the level of 5×
the rms noise) is about 35′′ ≃ 2.9 kpc for the NW blob and
about 45′′ ≃ 3.7 kpc for the SE blob. To reach this height, a
particle has to travel with a velocity of v ≈ 300 kms−1, which
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Fig. 1. Total intensity at 6 GHz in contours plus magnetic vectors, corrected for Faraday rotation, with a resolution of 4.99′′ × 4.69′′ and an
rms noise of 3.5 µJy/beam. The contours levels are (3, 4, 6, 12, 24, 48, 96, 200, 500) × 3.5 µJy/beam. A combination of the data from the C and
D configurations of the VLA was used to make the total intensity map whereas only C configuration data was necessary to create the map of
magnetic vectors. Both maps have been cleaned with a robust 2 weighting.

Table 2. Equipartition field strengths

L (kpc) α Bord (µG) Btot (µG)
Inner outflow N 1.0 0.8 - 67
Outer outflow N 1.0 0.8 23 45
Outflow S 1.0 0.8 14 30
Arm/disk SE 1, 4 a 0.8 16 23
Arm/disk NW 1, 4 a 0.8 13 21
Blob NW 2.3 1.0 9 12 b

Blob SE 2.3 1.0 9 12 b

Arc N 0.5 1.0 13 -
Arc S 0.5 1.0 13 -

aThe path-length through the spiral arm is used for polarization,
the path-length through the inclined disk for total intensity.

bEstimated from the degree of polarization of Fig. 5.

intensities are similar. This is due to the different pathlengths
chosen for each region.

For the two blobs (NW and SE), Btot was estimated by
using a mean degree of polarization for the NW blob of about
40% derived from Fig. 5 and assuming a similar degree of
polarization for the SE blob.

4. Interpretation

4.1. Nuclear outflow

We clearly detect the northern outflow lobe extending from
the center towards the north in total intensity (Fig. 1), while
the southern counterpart is weak. Due to the inclination of the
galaxy, the emission coming from the northern outflow travels
through the disk on the way to the observer, contrary to the emis-
sion of the southern counterpart. It is common in AGN observa-
tions to see one side of the jet brighter than the other due to
Doppler beaming (Pearson & Zensus 1987; Kellermann et al.
2007). The blue-shifted velocities of the Hα outflow in the north
indicate that the northern outflow is pointing towards the ob-
server. In those cases, the jet has an inclination towards the ob-
server and it travels at relativistic speed. That could be the case
for NGC 4388, but it is difficult that its AGN jet remains rela-
tivistic until kilo-parsec scales. A possible explanation for this
configuration would imply an internal asymmetry in the ISM
density close to the AGN core. This situation is supported by
O III observations (Falcke et al. 1998) where there is a region of
diffuse emission towards the south of the nucleus.

The northern lobe shows strongly polarized emission at the
top of the northern extension with degrees of polarization of
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Fig. 1. Total intensity at 6 GHz in contours plus magnetic vectors, corrected for Faraday rotation, with a resolution of 4.99′′ × 4.69′′ and an
rms noise of 3.5 µJy/beam. The contours levels are (3, 4, 6, 12, 24, 48, 96, 200, 500) × 3.5 µJy/beam. A combination of the data from the C and
D configurations of the VLA was used to make the total intensity map whereas only C configuration data was necessary to create the map of
magnetic vectors. Both maps have been cleaned with a robust 2 weighting.
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Blob NW 2.3 1.0 9 12 b
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Arc N 0.5 1.0 13 -
Arc S 0.5 1.0 13 -

aThe path-length through the spiral arm is used for polarization,
the path-length through the inclined disk for total intensity.

bEstimated from the degree of polarization of Fig. 5.

intensities are similar. This is due to the different pathlengths
chosen for each region.

For the two blobs (NW and SE), Btot was estimated by
using a mean degree of polarization for the NW blob of about
40% derived from Fig. 5 and assuming a similar degree of
polarization for the SE blob.

4. Interpretation

4.1. Nuclear outflow

We clearly detect the northern outflow lobe extending from
the center towards the north in total intensity (Fig. 1), while
the southern counterpart is weak. Due to the inclination of the
galaxy, the emission coming from the northern outflow travels
through the disk on the way to the observer, contrary to the emis-
sion of the southern counterpart. It is common in AGN observa-
tions to see one side of the jet brighter than the other due to
Doppler beaming (Pearson & Zensus 1987; Kellermann et al.
2007). The blue-shifted velocities of the Hα outflow in the north
indicate that the northern outflow is pointing towards the ob-
server. In those cases, the jet has an inclination towards the ob-
server and it travels at relativistic speed. That could be the case
for NGC 4388, but it is difficult that its AGN jet remains rela-
tivistic until kilo-parsec scales. A possible explanation for this
configuration would imply an internal asymmetry in the ISM
density close to the AGN core. This situation is supported by
O III observations (Falcke et al. 1998) where there is a region of
diffuse emission towards the south of the nucleus.

The northern lobe shows strongly polarized emission at the
top of the northern extension with degrees of polarization of
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Fig. 2. Total intensity contours plotted over Hαmap from Yoshida et al.
(2002). Contours are (3, 4, 6, 12, 24, 36, 48, 64, 128, 256, 512, 1024) ×
3.3 µJy/beam. This map was made with data of C configuration with
robust 0 weighting. The resolution of the radio total intensity is 2.76′′ ×
2.67′′ and the rms noise is 3.3 µJy/beam.

Fig. 3. Strengths of the ordered field computed from the map of po-
larized intensities using the revised equipartition formula by Beck &
Krause (2005).

12 % (Fig. 5). The central part of the structure suffers from de-
polarization effects. As the outflow is orientated almost perpen-
dicular to the disk, its northern part is located behind the disk.
Faraday depolarization could be strong due to the northern spi-
ral arm that is located between the northern outflow and the ob-
server. Alternatively, depolarization effects could occur in the
outflow itself.

Thanks to the new polarized emission maps, we are able to
identify for the first time the counter-outflow towards the south.
The main indication is the change of the orientation of the mag-
netic vectors from parallel to the spiral arms of the disk to paral-

lel to the blob in the southern part that is connected to the center
of the galaxy (Fig. 1). This is a clear indication of a different
structure crossing right in front of the southern arm. The degree
of polarization in the southern jet is 8 %, similar to the outer part
of the northern outflow. Contrary to the northern lobe, the south-
ern lobe does not show much depolarization, probably because
the southern spiral arm does not interfere between the southern
outflow and the observer.

Faraday rotation measures in the outflows of NGC 4388 will
be shown and discussed in a future paper.

4.2. Origin of the polarization arcs

We detect fainter polarized emission extending further beyond
the end of both outflows. There are striking similarities in mor-
phology between these features and the Hα outflow (Fig. 4). The
projected lengths of these arc-like structures are 50′′ (4.1 kpc)
and 20′′ (1.7 kpc) for the northern and southern parts, respec-
tively. In both cases the width to half power is about 3.9′′
(0.3 kpc), after correction for beam smearing. The symmetric
position of these extensions with respect to the galaxy’s cen-
ter suggest outflows driven by the radio jets. The magnetic
field vectors show an ordered field along both outflows. None
of these external features are seen in total intensity due to the
higher signal-to-noise ratios in the polarization maps.

The magnetic vectors in the southern part connect the nu-
cleus with the southern polarization arc through what seems a
wiggling structure. This change of direction could be caused by
the action of a precession event by the AGN jet. In that case, the
polarization arcs we see at kiloparsec scales are the continuation
of a structure that originates in the nucleus.

The origin of the arcs of NGC 4388 will be discussed in
more detail in a future paper.

4.3. Origin of the polarization blobs in the halo

We clearly detect polarization along both spiral arms (Fig. 4), but
these regions are shifted from the spiral arms detected in total
intensity (Fig. 2), with the maxima of polarization located along
the inter-arm regions, as expected for spiral galaxies (Beck &
Wielebinski 2013). In addition, there are faint blobs of polarized
emission further in the halo, in the northwestern and southeast-
ern areas above and below the disk (Fig. 4), with magnetic vec-
tors forming a vertical field structure (Fig. 1). There is an area of
beam depolarization, because the vectors of the disk and vectors
in the halo are perpendicular to each other.

The fact that the synchrotron blobs are detected next to both
main spiral arms indicates that they are related to a galactic wind
event. If so, we may consider that a cosmic-ray electron (CRE)
has been transported by the wind from the spiral arm to the posi-
tion of the synchrotron blobs. Then, we can estimate the speed of
a galactic wind with help of the CRE synchrotron lifetime (e.g.
Beck & Wielebinski 2013):

tsyn = 1.06 × 109 yr ·
(

B
µG

)− 3
2 ( ν

GHz

)− 1
2 ≃ 10.4 Myr , (1)

where B ≃ 12 µG is the total magnetic field (Table 2) and ν =
6.0 GHz is the observation frequency. The distance between the
spiral arm and the outer edge of the blob (at the level of 5×
the rms noise) is about 35′′ ≃ 2.9 kpc for the NW blob and
about 45′′ ≃ 3.7 kpc for the SE blob. To reach this height, a
particle has to travel with a velocity of v ≈ 300 kms−1, which
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Fig. 2. Total intensity contours plotted over Hαmap from Yoshida et al.
(2002). Contours are (3, 4, 6, 12, 24, 36, 48, 64, 128, 256, 512, 1024) ×
3.3 µJy/beam. This map was made with data of C configuration with
robust 0 weighting. The resolution of the radio total intensity is 2.76′′ ×
2.67′′ and the rms noise is 3.3 µJy/beam.

Fig. 3. Strengths of the ordered field computed from the map of po-
larized intensities using the revised equipartition formula by Beck &
Krause (2005).

12 % (Fig. 5). The central part of the structure suffers from de-
polarization effects. As the outflow is orientated almost perpen-
dicular to the disk, its northern part is located behind the disk.
Faraday depolarization could be strong due to the northern spi-
ral arm that is located between the northern outflow and the ob-
server. Alternatively, depolarization effects could occur in the
outflow itself.

Thanks to the new polarized emission maps, we are able to
identify for the first time the counter-outflow towards the south.
The main indication is the change of the orientation of the mag-
netic vectors from parallel to the spiral arms of the disk to paral-

lel to the blob in the southern part that is connected to the center
of the galaxy (Fig. 1). This is a clear indication of a different
structure crossing right in front of the southern arm. The degree
of polarization in the southern jet is 8 %, similar to the outer part
of the northern outflow. Contrary to the northern lobe, the south-
ern lobe does not show much depolarization, probably because
the southern spiral arm does not interfere between the southern
outflow and the observer.

Faraday rotation measures in the outflows of NGC 4388 will
be shown and discussed in a future paper.

4.2. Origin of the polarization arcs

We detect fainter polarized emission extending further beyond
the end of both outflows. There are striking similarities in mor-
phology between these features and the Hα outflow (Fig. 4). The
projected lengths of these arc-like structures are 50′′ (4.1 kpc)
and 20′′ (1.7 kpc) for the northern and southern parts, respec-
tively. In both cases the width to half power is about 3.9′′
(0.3 kpc), after correction for beam smearing. The symmetric
position of these extensions with respect to the galaxy’s cen-
ter suggest outflows driven by the radio jets. The magnetic
field vectors show an ordered field along both outflows. None
of these external features are seen in total intensity due to the
higher signal-to-noise ratios in the polarization maps.

The magnetic vectors in the southern part connect the nu-
cleus with the southern polarization arc through what seems a
wiggling structure. This change of direction could be caused by
the action of a precession event by the AGN jet. In that case, the
polarization arcs we see at kiloparsec scales are the continuation
of a structure that originates in the nucleus.

The origin of the arcs of NGC 4388 will be discussed in
more detail in a future paper.

4.3. Origin of the polarization blobs in the halo

We clearly detect polarization along both spiral arms (Fig. 4), but
these regions are shifted from the spiral arms detected in total
intensity (Fig. 2), with the maxima of polarization located along
the inter-arm regions, as expected for spiral galaxies (Beck &
Wielebinski 2013). In addition, there are faint blobs of polarized
emission further in the halo, in the northwestern and southeast-
ern areas above and below the disk (Fig. 4), with magnetic vec-
tors forming a vertical field structure (Fig. 1). There is an area of
beam depolarization, because the vectors of the disk and vectors
in the halo are perpendicular to each other.

The fact that the synchrotron blobs are detected next to both
main spiral arms indicates that they are related to a galactic wind
event. If so, we may consider that a cosmic-ray electron (CRE)
has been transported by the wind from the spiral arm to the posi-
tion of the synchrotron blobs. Then, we can estimate the speed of
a galactic wind with help of the CRE synchrotron lifetime (e.g.
Beck & Wielebinski 2013):

tsyn = 1.06 × 109 yr ·
(

B
µG

)− 3
2 ( ν

GHz

)− 1
2 ≃ 10.4 Myr , (1)

where B ≃ 12 µG is the total magnetic field (Table 2) and ν =
6.0 GHz is the observation frequency. The distance between the
spiral arm and the outer edge of the blob (at the level of 5×
the rms noise) is about 35′′ ≃ 2.9 kpc for the NW blob and
about 45′′ ≃ 3.7 kpc for the SE blob. To reach this height, a
particle has to travel with a velocity of v ≈ 300 kms−1, which
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Fig. 2. Total intensity contours plotted over Hαmap from Yoshida et al.
(2002). Contours are (3, 4, 6, 12, 24, 36, 48, 64, 128, 256, 512, 1024) ×
3.3 µJy/beam. This map was made with data of C configuration with
robust 0 weighting. The resolution of the radio total intensity is 2.76′′ ×
2.67′′ and the rms noise is 3.3 µJy/beam.

Fig. 3. Strengths of the ordered field computed from the map of po-
larized intensities using the revised equipartition formula by Beck &
Krause (2005).

12 % (Fig. 5). The central part of the structure suffers from de-
polarization effects. As the outflow is orientated almost perpen-
dicular to the disk, its northern part is located behind the disk.
Faraday depolarization could be strong due to the northern spi-
ral arm that is located between the northern outflow and the ob-
server. Alternatively, depolarization effects could occur in the
outflow itself.

Thanks to the new polarized emission maps, we are able to
identify for the first time the counter-outflow towards the south.
The main indication is the change of the orientation of the mag-
netic vectors from parallel to the spiral arms of the disk to paral-

lel to the blob in the southern part that is connected to the center
of the galaxy (Fig. 1). This is a clear indication of a different
structure crossing right in front of the southern arm. The degree
of polarization in the southern jet is 8 %, similar to the outer part
of the northern outflow. Contrary to the northern lobe, the south-
ern lobe does not show much depolarization, probably because
the southern spiral arm does not interfere between the southern
outflow and the observer.

Faraday rotation measures in the outflows of NGC 4388 will
be shown and discussed in a future paper.

4.2. Origin of the polarization arcs

We detect fainter polarized emission extending further beyond
the end of both outflows. There are striking similarities in mor-
phology between these features and the Hα outflow (Fig. 4). The
projected lengths of these arc-like structures are 50′′ (4.1 kpc)
and 20′′ (1.7 kpc) for the northern and southern parts, respec-
tively. In both cases the width to half power is about 3.9′′
(0.3 kpc), after correction for beam smearing. The symmetric
position of these extensions with respect to the galaxy’s cen-
ter suggest outflows driven by the radio jets. The magnetic
field vectors show an ordered field along both outflows. None
of these external features are seen in total intensity due to the
higher signal-to-noise ratios in the polarization maps.

The magnetic vectors in the southern part connect the nu-
cleus with the southern polarization arc through what seems a
wiggling structure. This change of direction could be caused by
the action of a precession event by the AGN jet. In that case, the
polarization arcs we see at kiloparsec scales are the continuation
of a structure that originates in the nucleus.

The origin of the arcs of NGC 4388 will be discussed in
more detail in a future paper.

4.3. Origin of the polarization blobs in the halo

We clearly detect polarization along both spiral arms (Fig. 4), but
these regions are shifted from the spiral arms detected in total
intensity (Fig. 2), with the maxima of polarization located along
the inter-arm regions, as expected for spiral galaxies (Beck &
Wielebinski 2013). In addition, there are faint blobs of polarized
emission further in the halo, in the northwestern and southeast-
ern areas above and below the disk (Fig. 4), with magnetic vec-
tors forming a vertical field structure (Fig. 1). There is an area of
beam depolarization, because the vectors of the disk and vectors
in the halo are perpendicular to each other.

The fact that the synchrotron blobs are detected next to both
main spiral arms indicates that they are related to a galactic wind
event. If so, we may consider that a cosmic-ray electron (CRE)
has been transported by the wind from the spiral arm to the posi-
tion of the synchrotron blobs. Then, we can estimate the speed of
a galactic wind with help of the CRE synchrotron lifetime (e.g.
Beck & Wielebinski 2013):

tsyn = 1.06 × 109 yr ·
(

B
µG

)− 3
2 ( ν

GHz

)− 1
2 ≃ 10.4 Myr , (1)

where B ≃ 12 µG is the total magnetic field (Table 2) and ν =
6.0 GHz is the observation frequency. The distance between the
spiral arm and the outer edge of the blob (at the level of 5×
the rms noise) is about 35′′ ≃ 2.9 kpc for the NW blob and
about 45′′ ≃ 3.7 kpc for the SE blob. To reach this height, a
particle has to travel with a velocity of v ≈ 300 kms−1, which
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Fig. 2. Total intensity contours plotted over Hαmap from Yoshida et al.
(2002). Contours are (3, 4, 6, 12, 24, 36, 48, 64, 128, 256, 512, 1024) ×
3.3 µJy/beam. This map was made with data of C configuration with
robust 0 weighting. The resolution of the radio total intensity is 2.76′′ ×
2.67′′ and the rms noise is 3.3 µJy/beam.

Fig. 3. Strengths of the ordered field computed from the map of po-
larized intensities using the revised equipartition formula by Beck &
Krause (2005).
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ern areas above and below the disk (Fig. 4), with magnetic vec-
tors forming a vertical field structure (Fig. 1). There is an area of
beam depolarization, because the vectors of the disk and vectors
in the halo are perpendicular to each other.

The fact that the synchrotron blobs are detected next to both
main spiral arms indicates that they are related to a galactic wind
event. If so, we may consider that a cosmic-ray electron (CRE)
has been transported by the wind from the spiral arm to the posi-
tion of the synchrotron blobs. Then, we can estimate the speed of
a galactic wind with help of the CRE synchrotron lifetime (e.g.
Beck & Wielebinski 2013):

tsyn = 1.06 × 109 yr ·
(

B
µG

)− 3
2 ( ν

GHz

)− 1
2 ≃ 10.4 Myr , (1)

where B ≃ 12 µG is the total magnetic field (Table 2) and ν =
6.0 GHz is the observation frequency. The distance between the
spiral arm and the outer edge of the blob (at the level of 5×
the rms noise) is about 35′′ ≃ 2.9 kpc for the NW blob and
about 45′′ ≃ 3.7 kpc for the SE blob. To reach this height, a
particle has to travel with a velocity of v ≈ 300 kms−1, which
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Ram pressure does not affect NGC 4388 like it does in other galaxies. 
It should remove all features we see in the southern part of the halo.
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NGC 4388 models

Ram pressure models predict an ingoing ram pressure for this galaxy (Vollmer et al. 
2003)

The model estimates that the ram pressure at the present 
time would be:

VLA total intensity and 
polarized emission
(Vollmer et al. 2010)

4 E. Roediger, M. Brüggen and M. Hoeft

ram pressures, we test a subsonic (vICM = 800 kms−1, Mach
number 0.8) and a supersonic (vICM = 2530 km s−1, Mach
number 2.53) case.

For the subsonic runs, we start with the ICM at rest and
then increase the inflow velocity during the first 50 Myr. For
the supersonic runs, this procedure takes too long until a
true supersonic flow including a bow shock develops. There-
fore, for supersonic runs, we set vICM everywhere in the ICM
already initially. In this procedure, the simulations starts a
bit violently, but after a bit less than 100 Myr a true bow
shock has developed. This difference in initialisation leads
to a temporal offset between subsonic and supersonic runs.
A time t in a supersonic run corresponds to approximately
t + 50Myr in a subsonic run.

3 RESULTS

3.1 Snapshots in slices

Figure 2 shows the gas density distribution in a slice through
the simulation box parallel to the y-z-plane at x = 0 for dif-
ferent timesteps for the case of medium ram-pressure and
supersonic ICM flow. In addition to the bow shock, the
stripped material induces a rich shock structure in the re-
gion behind the bow shock. The stripped material fragments
strongly due to turbulence and Rayleigh-Taylor-instability.

3.2 Projected gas densities

In this section, we show projected galactic gas densities
along two lines-of-sight for our simulation runs at different
timesteps (Figs. 3 to 7). The galactic gas is identified by
the mass scalar described in Sec. 2.1. In all figures in this
section, the left column shows projections along the x-axis,
while the right column shows projections along the z-axis.
These are the two directions perpendicular to the direction
of motion (which is along the y-axis). The time is denoted
in the upper left panel of each snapshot. Each figure cap-
tion denotes the ram pressure, Mach number and inclination
angle of the run.

All projections of the medium ram-pressure cases show
gas tails with column number densities around 1019 cm−2.
The tails of the high ram-pressure cases have a column den-
sity roughly a factor of 10 higher. Typical tail widths are
between 60 and 100 kpc.

In the cases with medium ram-pressure, the galaxy can
retain a tail for several 100 Myr and the tail can also evolve
during this time. In the cases with strong ram-pressure, the
complete gas disc is stripped after a few 100 Myr, so that
one cannot speak of a galactic tail any more. Instead, the
bulk of stripped gas moves downstream as a stretched gas
cloud which is few 100 kpc long. The fact that in the high
ram-pressure cases much more gas is lost in a shorter time
leads to a distribution of more mass into a smaller volume
and thus higher column densities in the tails.

3.3 Velocity structure in the tail

Figures 8 to 12 show the velocities of the stripped gas in
the wake. For a random, ISM density weighted subset of
grid cells, the velocity components in y-, x- and z-direction

Figure 2. Slice through simulation box in the y-z-plane for the
supersonic run with medium ram-pressure and i = 30o. The local
gas density is shown colour-coded for different time steps. The
refinement is demonstrated in the first plot, one square shows the
size of one block= 83 grid cells.

are plotted as a function of distance to the galaxy. In our
simulations, vy is the velocity component in wind direction,
whereas vx and vz are perpendicular to the wind direction.
The caption of each figure denotes the ram pressure, Mach
number and inclination angle of the run.

The component vy reflects the acceleration of the
stripped gas in the wind direction. The components perpen-
dicular to the wind direction cannot result solely from galac-
tic rotation. In the panels for the vx- and vz-components, we
have marked the amplitude of the galactic rotation velocity
vrot = ±200 kms−1. If the stripped gas were pushed straight
into the wind direction, no velocities higher than this should
occur in vx and vz. But in all cases velocities higher than the
galactic rotation occur. Especially in the 75o case, the galac-
tic rotation induces only a small vz-component. Almost all
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A. Damas et al.: Magnetic outflows from NGC 4388

Fig. 4. Polarized emission obtained with RM Synthesis compared to
Hα observations from Yoshida et al. (2002). Contours of polarized
emission are (5, 6, 8, 16, 32, 64, 128) × 2 µJy/beam. The resolution is
5.33′′ × 5.33′′ and the rms noise is 1.1 µJy/beam.

Fig. 5. Contours of polarized emission obtained with RM Synthesis
plotted with degree of polarization in colour scale. Contours of polar-
ized emission are (5, 6, 8, 16, 32, 64, 128) × 2 µJy/beam. The resolution
is 5.33′′ × 5.33′′ and the rms noise is 1.1 µJy/beam.

is a typical speed for a galactic wind (e.g. Heesen et al. 2009;
?) and about equal to the escape velocity, which is

√
2 of the

rotational velocity of ≈ 180 kms−1 (?).
The velocity of about 300 kms−1 refers to the component of

the galactic wind in the sky plane. If we assume the inclination
of the galaxy to be 79◦, we can estimate the horizontal compo-
nent of that vector and compare it to what is seen in Hα, which
shows the velocity component in the line of sight. Also we as-
sume that the galactic wind is vertical to the disk. In such case,
we estimate a horizontal component of ≈ 60 kms−1, which is of

the same order to what is seen in Hα observations (?) for those
regions.

We have to consider the possibility that the magnetic
field computed by the equipartition formula (12 µG) is un-
derestimated because the energy spectrum of CREs propa-
gating into the halo is steepened by energy losses and hence
is not proportional to the proton spectrum, i.e. the proton-to-
electron ratio K is significantly larger than 100 as assumed
in Sect. 3.1 (see discussion in Beck & Krause (2005)). In this
case we would get a shorter synchrotron lifetime and there-
fore a larger velocity of the outflow. A better estimate of the
outflow speed needs knowledge of the synchrotron spectral
index as a function of height above the plane, which cannot
be obtained with the present data.

4.4. Ram pressure

Needs revision and extension by Ancor & Bernd!
One of the main problems we find in the interpretation of the

observations is the conflict with current ram-pressure models for
NGC 4388. Vollmer (2009) described an scenario where the peak
of ram pressure for this galaxy has already passed but in which
the galaxy is still being affected in a considerable way by the
ICM. According to Vollmer & Huchtmeier (2003), the peak of
ram pressure in NGC 4388 occurred 120 Myr ago with a value
of pmax ≈ 5000 cm−3 (km s−1)2 ≈ (8.36 × 10−11 erg cm−3). At
this time step the absolute velocity with respect to the cluster
core is v ≈ 2000 km s−1 and the maximum density would be
nICM ≈ 1.25 × 10−3 cm−3. The model predicts that the galaxy is
now affected by a ram pressure of 1/5 of the peak ram pressure
occurred in the past. This means that at the present day this value
would be v ≈ 1000 cm−3 (km s−1)2 ≈ 1.67 × 10−11 erg cm−3.

Observations of other Virgo galaxies ram-pressure stage like
NGC 4402 and NGC 4419 show signs of interactions with the
ICM (REFERENCE). NGC 4402 shows a truncated gas disk
and a compressed radio halo, while in the case of NGC 4419
we see also a truncated gas disk but a symmetric radio halo. In
contrast to these two galaxies, the radio halo of NGC 4388 does
not show any of these features, which contradicts the picture of
a galaxy being affected by a ram-pressure event.

We consider the idea of a strong magnetic field prevent-
ing ram pressure from removing the features seen in the halo.
For that reason we estimate the magnetic field needed to bal-
ance a ram pressure of pram ≈ 1000 cm−3 (km s−1)2 ≈ 1.67 ×
10−11 erg cm−3. Setting this ram pressure equal to the mag-
netic energy density Emag = B2/(8π), a total magnetic field
of about 20 µG is obtained. The value obtained from our
observations in the southern blob is about 12 µG (Table 2),
smaller than needed to balance ram pressure, so that we
would not expect any extensions of the magnetic field to-
wards the southern halo.

Again, we have to consider the possibility of a larger
proton-to-electron ratio K than the value of 100 assumed to
derive the values in Table 2. The total equipartition magnetic
field Beq depends on K as follows (Beck & Krause 2005):

Beq ∝ K1/(3+α) , (2)
where α ≃ 1 is the synchrotron spectral index. We can esti-
mate the ratio Kram needed to obtain a field strength with a
pressure in balance with or larger than the ram pressure of
the model by Vollmer (2009):

Kram ! 100 · (Bram/Beq)(3+α) ≃ (20 µG/12 µG)(3+α) ≈ 800 . (3)
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Magnetic :eld computed assuming 
equipartition (Beck and Krause 2005)

Ram pressure obtained with the model 
must be overestimated...but why?

From our observations 

From model To resist against ram pressure



Two possible explanations to obtain at least  

• Energy losses of CRE may be large: K ratio 
between proton and electron is >>100.

• Equipartition is not valid out in the halo.

NGC 4388 - Models vs Observations

Unreasonably high speed for a galactic wind

20µG

v ∼ 600 kms
−1

12µG 20µGObservations: Models:
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Conclusions

• Polarization observations of CHANG-ES show for the first time the southern outflow of 
NGC4388. 

  
• RM-synthesis reaching very high signal to noise (1 muJy/beam) shows extensions of 

both nuclear outflows out to ~ 5 kpc. These features contradict current models for this 
galaxy.  

• We claim that the blobs seen in polarization are galactic winds driven by star formation in the 
spiral arms with speeds of ~ 300 km/s. 

• Probably models overestimate the ram pressure at the present time due to the non-
homogeneous phase of the Virgo cluster beyond ~ 450 kpc.  


