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Virgo cluster:
Distance: 16.5 Mpc
Comprising 1500 - 2000 galaxies
Three sub-clumps, BCG: M87, M86, M49
Not yet virialized
• Gas stripping
• Mergers
• AGN activity Mei et al. 07
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Virgo A (3C274)

Flux: ~1700 Jy @ 100 MHz
Size (core): 5 kpc (1’)
Size (halo): 80 kpc (16’)
BH mass: 6.4 10^9 M

Amorphous source
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Virgo A (3C274)

Flux: ~1700 Jy @ 100 MHz
Size (core): 5 kpc (1’)
Size (halo): 80 kpc (16’)
BH mass: 6.4 10^9 M

Amorphous source

Virgo A radio History:

Discovered by Bolton et al. (1949)
Extended emission found by Mills (1952) and Baade & Minkowski (1954)
Image at 74 MHz (Kassim et al. 1993) 
Image at 10.55 GHz (Rottmann et al. 1996)
Image at 327 MHz (Owen et al. 2000)
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FIG. 3.ÈGray-scale image of Virgo A/M87 and the location of minimum-pressure measurements given in Table 1

TABLE 2

X-RAY DENSITY AND PRESSURE PROFILE

Scale Distance n
e

k
B
T p

(arcmin) (kpc) (10~3 cm~3) (keV) (10~11 dyn cm~2)

0.83 . . . . . . 4.1 82.4 1.10 14.5
1.67 . . . . . . 8.2 32.6 1.14 5.95
2.50 . . . . . . 12.3 18.7 1.41 4.27
3.33 . . . . . . 16.4 14.7 1.36 3.20
4.17 . . . . . . 20.6 11.3 2.3 4.17
5.0 . . . . . . . 24.7 9.06 2.0 2.89
5.83 . . . . . . 28.8 7.53 1.7 1.99
6.67 . . . . . . 32.9 6.56 1.6 1.67

NOTE.ÈData from Nulsen & 1995, scaled to our assumedBo! hringer
distance of 17 Mpc.

strong cooling cores. The fact that all such sources are
found in a special position relative to their parent cluster (as
well as their parent cluster being special in having a strong
cooling core) argues against them being simply normal, FR
I tailed sources seen in severe projection. It seems more
likely that the interaction of the jet with the dense, high-
pressure external medium is more extreme than in most
radio galaxies and that the jet is bent or disrupted as it tries
to Ñow through the dense external medium. The Virgo A
radio halo is our best opportunity to study such an inter-
action.

3.1. Nature of the Halo
The M87 radio halo, Virgo A, looks like two bubbles that

are supported by the energy of poorly collimated outÑows

327 MHz

Thursday, 12 July 2012



Virgo A (3C274)

Flux: ~1700 Jy @ 100 MHz
Size (core): 5 kpc (1’)
Size (halo): 80 kpc (16’)
BH mass: 6.4 10^9 M

Amorphous source

M87 X-ray History:

Detected with the Einstein Observatory by Fabricant et al. (1980)
Asimmetry in the gas distribution found by Feigelson et al. (1987)
Thermal spectrum detected with ROSAT by Boehringer at al (1995)
Deep Chandra imaging made by Forman et al. (2007) and Million et al. (2010)
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For the 1.2Y2.5 keV band, Figure 1 (upper solid curve) shows
that the count rate for a unit volume of unit density is indepen-
dent of gas temperature, for gas temperatures above about 1 keV.
If we express the count rate as

C /
Z

n2
e !(T ) dl; ð1Þ

where ne is the electron density, !(T ) is the volume emissivity of
the gas convolved with the Chandra response, and l is the path
length along the line of sight, the independence of the1.2Y2.5 keV
band emissivity on temperature implies that C(1:2Y2:5 keV) /R
n2e dl. Thus, the 1.2Y2.5 keV band image (Figs. 8aY8b) is a

‘‘density’’ image (actually the square of the density integrated
along the line of sight).

The properties of the 3.5Y7.5 keV band can be determined
by rewriting equation (1) using the ideal gas law, p / neT , to
eliminate the gas density. We find

C /
Z

p2!(T )
!
T 2 dl: ð2Þ

The lower dashed curve in Figure 1 is !(T )/T 2 for a unit
density and unit volume of gas. For gas temperatures from 1 to
3 keV, Figure 1 shows that this expression varies only weakly
with temperature. Hence, equation (2) in the hard band can

fig. 2afig. 2b
Fig. 2.—Images of the seven ACIS-I pointings after background subtraction and ‘‘flat fielding’’ in the energy band 0.5Y1.0 keV with 1 pixel ¼ 300 at two different

scales. (a) The very prominent eastern and southwestern arms (see also Fig. 5, where these are labeled in both the X-ray and radio images). (b) A more detailed view of the
tracery offilaments that suggests the similarity between the structures in the eastern and southwestern arms. The long southwestern arm appears to be composed of several
intertwined filaments (see location indicated by the label ‘‘Filament’’). The eastern arm can be interpreted as a series of bubbles (several labeled in right panel) at different
evolutionary stages as they rise in the atmosphere of M87. The filamentary structures are very soft and are not apparent at energies above 2 keV (e.g., see Fig. 7).

Fig. 2a Fig. 2b

fig. 3afig. 3b
Fig. 3.—(a) Central region of the 0.5Y1.0 keV band image showing themultiple buoyant bubbles rising in theM87 atmosphere. A series of four ‘‘bubbles’’ are outlined

(see Fig. 2b, where the first three bubbles are indicated with arrows). (b) The 0.5Y1.0 keVimage of a portion of the southwestern arm indicating the locations of projections
and a comparison point source.

Fig. 3a Fig. 3b

FILAMENTS, BUBBLES, AND WEAK SHOCKS IN M87 1059No. 2, 2007

2054 E. T. Million et al.

Figure 6. Temperature (kT), pressure (P), entropy (K) and metallicity (Z) maps with the 90 cm radio contours from Owen et al. (2000) overplotted. Other
details are as for Figs 2–5.

4 A M B I E N T G A S P RO P E RT I E S

4.1 Azimuthally averaged projected profiles

Our thermodynamic mapping reveals, in exquisite detail, the com-
plex structure of the bright X-ray arms (see also Paper II). Just as
importantly, Chandra’s excellent spatial resolution also allows us
to mask these structures and better determine the properties of the

ambient gas surrounding M87. In this manner, we can avoid the
complicating effects of temperature substructure, which will bias
temperature and metallicity results in cases where the wrong ther-
mal model is assumed (e.g. Buote 2000; Simionescu et al. 2008;
Werner et al. 2008).

For this analysis, we use 36 annuli that vary in width from 10
to 30 arcsec, each with ∼250 000 net counts. Each region is fitted
in the first case with a single-temperature MEKAL spectral model,

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 407, 2046–2062
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HBA:
115 - 162 MHz
2/3 Apr 2011
28810 s (~8 h)
45 ant (dual)

LBA (high):
30 - 77 MHz
14/15 Apr 2011
28810 s (~8 h)
24 ant

LBA (low):
15 - 30 MHz
16 Jul 2011
28805 s (~8 h)
25 ant

The Observations 

Images from: http://www.astron.nl/~heald/lofarStatusMap.html
Thursday, 12 July 2012
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The Observations 

No flux calibrator
Data from literature (10 - 1400 MHz)
Integrated flux → slope: -0.79
Total flux rescaled to its expected value

Black: % flagged data (!= RFI)
Red: normalised bandpass
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LBA maps:
Freq: 36 MHz
Beam: 73” x 58” 
RMS: 0.2 Jy/beam

Freq: 48 MHz
Beam: 55” x 43” 
RMS: 0.09 Jy/beam

Freq: 59 MHz
Beam: 55” x 36” 
RMS: 0.08 Jy/beam

Freq: 71 MHz
Beam: 37” x 30” 
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LBA map:
RMS: 0.6 Jy/beam
Beam: 85” x 44”
Freq: 25 MHz

Lowest frequency
image of  Virgo A

extended structure

No new extended 
features

Are lobes “alive”?

M87
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HBA map:
RMS: 20 mJy/beam
Beam: 21” x 15”
Dyn Range > 5000
Frequency: 140 MHz

NOTES:
• Imaging of the core with standard Clean algorithm
• Imaging of the extended emission with MS-clean

M87
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M87

Churazov et al. 2001

Thursday, 12 July 2012



Nice Historical introduction
LOFAR observations
Pretty Images
Spectral Analysis + a bit of science

The Virgo field
RM synthesis

Outline

Thursday, 12 July 2012



Spectral index map

Er
ro

r 
(1
σ)

 m
ap

 

VLA spectral index map (74-333 MHz)

M87 - spectral index

Thursday, 12 July 2012



Spectral index map

Er
ro

r 
(1
σ)

 m
ap

 

VLA spectral index map (74-333 MHz)

M87 - spectral index

we assume spherical symmetry but make no specific assump-
tion about the form of the underlying gravitational potential. We
first calculate the surface brightness (in a given energy band) in
a set of annuli (or wedges) and choose a corresponding set of
spherical shells. The gas parameters are assumed to be uniform
inside each shell. Outside 80 the emissivity was assumed to de-
crease with radius as a power law. The projection can then be

written as a convolution of the emissivities in each shell with the
projection matrix. The solution for emissivities minimizing the
!2 deviation from the observed surface brightness in the set of
annuli can be easily found (see, e.g., Churazov et al. 2003). The
emissivities are then converted to electron densities using the
Chandra spectral response, evaluated for the spectrum with a
given temperature and abundance of heavy elements (see the

Fig. 6.—Left: The 0.5Y2.5 keV band full-resolution (1 pixel ¼ 0:49200) image of the entire data set after background subtraction and ‘‘flat fielding’’ of the center of
M87.Center: The 6 cmVLA radio image fromHines et al. (1989) showing the radio jet and the synchrotron emission from the cocoon. The cocoon of relativistic plasma is
the ‘‘piston’’ that mediates outbursts from the central SMBH and drives shocks into the surrounding X-ray-emitting, thermal gas. Right : IRAC 4.5 "m image divided by a
#-model to remove the strong gradient of emission from the galaxy light. Prominent X-ray features of the central region show the counterjet cavity surrounded by a very
fine rim of gas and cavities to the west and southwest of the jet after the jet passes the sonic point and the radio-emitting plasma bends clockwise. The innermost buoyant
bubble (X-ray cavity, labeled ‘‘Bud’’ in left panel) coincides with the radio synchrotron emission extending south from the cocoon (center). The IRAC image shows the
emission from the nucleus and the jet. The IR jet emission ends just before the feature ‘‘Jet Cavity’’ in the X-ray image. On the counterjet side of the nucleus, two bright IR
patches ( labeled with arrows in the IRAC image) lie within a ‘‘C’’ shaped region. The two bright IR patches coincide with brighter regions of 6 cm emission (also marked
with arrows in the center panel) and associated with structures $ and % in Hines et al. (1989). The IR emission (and the coincident radio emission) lie at nearly 90" from the
direction of the jet (in projection) and arise from unbeamed emission.

Fig. 5.—Left: The relative deviations of the surface brightness from a radially averaged surface brightness model, i.e., ½data$model%/model over a broad energy band
(0.5Y2.5 keV). The shock, an outer cavity beyond the eastern arm, a sharp edge in the eastern arm, and an outer partial ring are seen. We have excised the prominent point
sources from this image by substituting a local background. Right: The 90 cm VLA image from Owen et al. (1990) at the same scale as the Chandra image shows the
relationship between the X-ray and radio structures. In particular, the eastern and southwestern arms are apparent in both X-ray and radio: the outer X-ray cavity cor-
responds to an enhancement in the radio, and the outer ring (enhancement in X-ray image) lies just beyond the edge of the large-scale radio emission. The radio torus, at the
end of the eastern arm, is connected by the arm to the center of M87. The torus and arm produce a ‘‘mushroom’’ shaped structure (cap and stem).

FORMAN ET AL.1062 Vol. 665

Forman et al. (2007)
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Possible issues:
• Absolute flux scale
• UV-cov of different interferometers
• Curvature dominated by a single frequency
• Averaging of different parts of the source

M87 - Core

Spectral index analysis:

• LOFAR-LBA @ 30-77 MHz
• LOFAR HBA @ 115-162 MHz
• VLA @ 327 MHz
• VLA @ 1.4-1.6 MHz
• Effelsberg @ 10.55 GHz

Thursday, 12 July 2012



Possible issues:
• Absolute flux scale
• UV-cov of different interferometers
• Curvature dominated by a single frequency
• Averaging of different parts of the source

M87 - Core

Spectral index analysis:

• LOFAR-LBA @ 30-77 MHz
• LOFAR HBA @ 115-162 MHz
• VLA @ 327 MHz
• VLA @ 1.4-1.6 MHz
• Effelsberg @ 10.55 GHz

Thursday, 12 July 2012



M87 - Macro regions

• CI (fixed α=-0.6) fails to fit the data

• CI (free α) fits the data
- α~-0.85
- break frequency of ~1.3 GHz
- halo age ~ 40 Myr (B=10 uG)

• CIOFF (fixed α=-0.6) fits the data
- break frequency of ~120 MHz
- halo age ~ 150 Myr (B=10 uG)
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M87 - Regions

Thursday, 12 July 2012



Slope of injected
electrons fixed to 0.58

Equipartition:
• k = 1
• γ min = 100
• D = 20 kpc
• Filling factor = 1

B = 10.5 uG

P = 3e-12 dyn/cm^2

t = 14.8 Myr

Synchrotron ageing:

ts = 1590
B0.5

(B2 + B2
IC) [(1 + z) νb]

0.5

B = 13.2 uG

P = 4.8e-12 dyn/cm^2

t = 10.1 Myr

B = 15.6 uG

P = 6.7e-12 dyn/cm^2

t = 9.0 Myr

B = 14.3 uG

P = 5.6e-12 dyn/cm^2

t =  7.1Myr

B = 13 uG

P = 4.7e-12 dyn/cm^2

t = 10.6 Myr

B = 11.1 uG

P = 3.4e-12 dyn/cm^2

t = 13.1 Myr

B = 12.4 uG

P = 4.2e-12 dyn/cm^2

t = 12.0 Myr

B = 13.1 uG

P = 4.7e-12 dyn/cm^2

t = 9.4 Myr

B = 13.7 uG

P = 5.2e-12 dyn/cm^2

t = 9.5 Myr

M87 - Regions

Pressure:
equipartition needs 
k>1000, thermal 
component, filling factor?

1/4 dynamical time (no momentum)
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M87 - Models

Discrepancy with dynamic time (~50 Myr):
• Mix of weak and strong magnetic fields (filamentary structure)
• In situ re-acceleration
• Plasma flow along pre-existing channels

• Bubbles plasma has initial momentum: ~20 kpc in 15 Myr

Churazov et al. (2001), Blundell & Rowlings (2000), Owen et al. (2000), Brueggens et al. (2002)

Possible explanations for the low-freq steepening:
• Adiabatic expansion of plasmas at different ages (CIE model) → halo age ~ 40 Myr 
• Plasma in a range of many different magnetic field strengths
• Spectrum intrinsically bended γ ∝ (ν/B)^(1/2)
• The halo is a relic of a past activity (different injection slope)

Murgia et al. (1999), Blundell et al. (1999)

Thursday, 12 July 2012
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M87 - Jet Power

Eilek & Shore (1989), Owen et al. (2000), Matushita et al. 2002

Assuming:
• R = 35 kpc
• Jet power time independant
• p approximated with the surrounding medium
• Halo age: 40 Myr

dUint

dt
= P − p

dV

dt
− Lrad

Jet power:  6-10 e 44 erg/s

(from 10 to 100 times the X-ray luminosity of the cooling flow)
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NOTE:
•Virgo A calibrated and uv-subtracted
•Other strong sources uv-subtracted
•Data self-recalibrated in the direction of M84
•Beam correction not included!

VLA image: Laing et al. 2011

VLA 1.4 GHz

HBA map:
RMS: 1.5 e -3 Jy/beam
Beam: 23” x 14”
Dyn Range: ~ 600

M84
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RM synthesis

RM source extractor
on 8 σ peaks

outside FD ±10

in collaboration with Mike Bell

in progress...
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Conclusions:

• Virgo A extended halo is an active and living source
• Down to 25 MHz no previously unseen steep-spectrum features 

were detected
• Steepening in the low-frequency end of the spectra can be 

connected to adiabatic expansion of the plasma bubble
• Magnetic field strength ≃13 μG found in the flow regions, and of 

≃10 μG in the halo regions
• Pressure generated by the plasma and the magnetic fields less than 

what required to sustain the halo. Probably, thermal gas plays a role 
in sustaining the halo.

• Synchrotron ageing analysis provided a global halo age of ≃40 Myr
• Estimate jet power P≃6−10e44 erg/s. 10 to 100 times higher than 

the X-ray luminosity due to cooling flow
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