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•The radio halo (40kpc) of M87 (Virgo A) was one of the first radio source detected (Bolton & Stanley, 1948)
•The Virgo cooling flow was the first extragalactic X-ray source detected (Byram et al, 1966)
•3.2×109 Mo SMBH, 16 Mpc
•One sided jet (Owen, 1989) powering radio lobes interacting with X-ray thermal gas
•Low emissivity cooling flow (some Mo/yr), heated by SMBH activity
•Buoyant bubbles lifts 1–10 Mo/yr from the core to the radio halo (Churazov et al, 2001)
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20-60 kev, to optimize sensitivity
3.9 Ms elapsed time
Maximum effective exposure: ~ 775 ks

ISGRI allows exposure >100 Msec  
i.e. sensitivity < 0.01 mCrab (10-13 cgs) 
not limited by systematics.
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Fig. 5. Flux resulting in a 1σ ’detection’, F1σ as a function of exposure
time in the normal (top) and the inverted (bottom) mosaics. The grey
line has a slope of −1/2 and the same normallization in both plots.

Fig. 6. Surface of the sky over which a given flux can be detected

4.3. The AGN hard X-ray luminosity function

The study of the AGN luminosity function from the sources
discovered in the mosaic is made difficult by the very uneven
sensitivity limit of the mosaic and the very small number of
sources, which precludes any binning. We therefore assume a
parametric form for the luminosity function to reduce the num-
ber of free parameters, and we determine the parameters using
a maximum-likelihood test, taking into account the very strong
variation of the sensitivity limit across the field. Considering the
list of sources in Table 1, we shall study the luminosity function
in the redshift bin 0 ≤ z ≤ 0.05 only (TBC).

We assume the usual distribution for the luminosity function
of AGN (e.g., RRRR):

Φ(L) =
Φ∗

(L/L∗)−α + (L/L∗)−β
, (1)

Fig. 7. logN–log S diagram of the sources from Table 2. The green
curve has a slope of -3/2. The blue curves show the Poisson counting
uncertainties.

Fig. 8. Histogram of the NH distributions for the sources from Table 2.
The black histogram shows sources with measured intrinsic NH or upper
limits. The colored histograms show the sources without NH measure-
ment that were (green) or were not (red) detected with ROSAT (see text);
these must be considered as upper limits.

where Φ∗ is the characteristic density in Mpc−3 units, and L∗ is
the characteristic luminosity around which the density distribu-
tion changes from a slope α to a slope β.

If we draw AGN at random, their redshifts z and locations
ra,dec on the sky will be distributed according to the volume
and their luminosities L will be drawn from a distribution with a
shape identical toΦ(L). The probability to observe a given object
is:

P(L, z, ra, dec) = . . . (2)

The likelihood function of the luminosity-functionparameter
can now be written using our sample of N = XXX AGN:

L(α, β, L∗) =

N
∏

i=1

P(Lobs,i;α, β, L
∗), (3)

the maximisation of L providing the maximum-likelihood esti-

mators of α, β and L∗. The constraint that
∫ ∞

L=0
P(L)dL = 1 makes

that the probability is independent of Φ∗, as already pointed out

T-0.5

0.1 mCrab
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Fig. 16. The fraction of obscured AGN observed in different X-ray
surveys as a function of 2–10 keV limiting flux compared with the
model predictions. The upper (lower) curve and datapoints refer to
the fraction of obscured AGN with log NH > 22 (log NH > 24).
Datapoints have been collected from the CDFS (open triangle and star,
Tozzi et al. 2006), CDFN (filled triangles, Barger et al. 2005), XMM-
Lockman Hole (cross, Mainieri et al. 2002), HELLAS2XMM (filled cir-
cles, Perola et al. 2004), Piconcelli et al. (2003) sample (filled squares),
Piccinotti et al. (1982) sample (open square). The NH measurements
for the Piccinotti et al. (1982) sample have been drawn from Shinozaki
et al. (2006).

Bassani et al. 2006). While the quoted fractions should be taken
with the due care since the INTEGRAL AGN samples are still
incomplete, they nonetheless are in good agreement with those
measured at similar fluxes and for a similar waveband (15–
200 keV) in the first Swift/BAT AGN catalog (Markwardt et al.
2006), which on the contrary is about 90% complete.

By considering the X-ray properties of the unidentified
sources, the number of Compton-thick AGN in the first
Swift/BAT catalog is estimated to be between 3 and 6, which
translates into a fraction of 7–14%.

We computed the log N − log S relations expected from our
baseline model m2 in the Swift/BAT band, as well as the ex-
pected fractions of obscured sources. At a limiting flux of 3 ×
10−11 cgs in the 15–200 keV band, i.e. the limiting flux of the
BAT AGN catalog, about 65% of the AGN are obscured by
log NH > 22 and about 15% are Compton-thick, in excellent
agreement with the observations (see Fig. 17).

8.2. Spectral distribution

An interesting feature of having assumed a spectral index dis-
tribution is that the expected average spectral index is a func-
tion of the survey limiting flux. This can be easily understood
by looking at Fig. 8, where the log N − log S for unobscured
AGN with different spectral slope is plotted. Due to the different
K-corrections, at bright X-ray fluxes sources with harder spec-
trum are detected more easily, while at fainter fluxes, where most
of the sources in the XLF are being sampled, the observed distri-
bution approaches the assumed, intrinsic one. In Fig. 18 we show
the spectral distribution expected at different 2–10 keV fluxes for
unobscured AGN. While at fluxes below 10−13 cgs the average

Fig. 17. The fraction of obscured sources as a function of the
15–200 keV limiting flux predicted by the baseline model m2. The up-
per and lower curves refer to the fraction of objects with log NH > 22
and log NH > 24, respectively. Datapoints show the corresponding frac-
tions found in the first Swift/BAT AGN catalog. While the datapoints
with solid errorbars show the actually measured fraction, datapoints
with dotted errorbars assume that most of the unidentified sources are
obscured.

Fig. 18. The spectral distribution of unobscured AGN to be observed at
different 2–10 keV limiting fluxes as predicted by model m2. At very
faint fluxes (∼10−17 cgs) all the sources can be detected and the observed
distribution coincides with the intrinsic one (filled squares) with 〈Γ〉 =
1.9 and σΓ = 0.2.

expected slope is Γ = 1.7−1.8, the spectral distribution progres-
sively moves towards steeper values at fainter fluxes, until it ex-
actly overlaps with the assumed input one at very faint fluxes
∼10−17 cgs.

This expected trend can be checked against the properties
of sources detected in surveys at different limiting fluxes, pro-
vided that the photon statistics in the observed X-ray spectra is
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NGC 4388 79.9σ (S2) 
15 10-11 cgs  Δr=18”

M 87 5.1σ (RG) 
0.9 10-11 cgs  Δr=3.5’

FWHM=7.3±3.2 arcmin 

1.3 deg

M87 at hard X-rays

• For many years the hard X-ray emission of M87 appeared displaced by about 1°

• The University of Birmingham coded mask instrument (spacelab 2) provided the first high resolution image and an 
upper limit of F(20-60) < 1 10-11 erg/s/cm2 (Hanson et al, 1990) 

• Ginga scanning data provided a detection with a flux of F(20-60) ~ 4 10-11 erg/s/cm2 (Takano & Koyama, 1991)

• RXTE did not detect any non thermal component with F(20-60) < 3 10-12 erg/s/cm2 (Reynolds et al, 1999)

The INTEGRAL/ISGRI view:

300 ksec eff. exposure
(1 Ms next year)

Consistent with a point source 
(psf 6 arcmin)

Position marginally (90%) 
consistent with M87.
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What is it ?

1. Thermal emission from Virgo

• extract XMM spectra from concentric rings 
• fit with a thermal spectrum (vmekal, 2T in the inner 6’)
• extrapolate between 20-60 keV

➙ thermal component is at most few % of the ISGRI detection

2. Nucleus and kpc jet

Nucleus: F(1-10 keV)~8 10-13 erg/s/cm2;  Γ = 2.23
extrapolates to F(20-60 keV)~ (4–6) 10-13 erg/s/cm2 

➙ nucleus is at most 5 % of ISGRI detection

similar argument on the jet knots (excepting HST-1 flare)
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What is it ?

3. HST-1

Since 2001 HST-1 features a huge flare monitored by Chandra
F(0.2-6keV) increasing from 8 10-13 to 4 10-11 erg/s/cm2 
Spectral shape unclear because of pile-up 
ΓX = 2.4-2.6 has been derived ?
Continuous Clocking mode observation ➙ ΓX = 2.7

➙ for ΓX = 2.7 the fluxes do not match
    for ΓX < 2.3 the fluxes could match, however 
    the expected variability was not observed

2000 2001 2002 2003 2004 2005 2006 2007

0.001

0.01

0.1

1

Harris et al (2006)
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What is it ?

4. Radio halo

The angular size of the non thermal radio halo (10 armin) is 
similar to the ISGRI psf

• add a hard X-ray powerlaw to the thermal component
• fit to the integrated XMM spectra extracted from rings
• extrapolate in 20-60 keV band

it works as long as Γ < 2.5:
  Γ = 1.5 ➙ inner 3 arcmin
  Γ = 2.0 ➙ inner 5 arcmin ~ size of radio halo
  Γ = 2.5 ➙ inner 13 arcmin

➙ Could hard X-rays be IC emission ?
➙ Do we have a problem with the apparent offset ?
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Radio emission implies high energy electrons.

The likely seed photons for the IC emission is the IR stellar light:

                                                                                       (UCMB=0.25 eV/cm3)

The energy of the electrons IC scattering IR in 20-60 keV band is

These emit synchrotron at

an we have

The integrated radio flux at 100MHz is ~10-12 erg/s/cm2 
➙ B ~ 5 μG consistent with other estimates & equipartition.
➙ observed hard X-rays at a level which could be expected.

LX+Lrad ~ 1042 erg/s ~ 1% mechanical energy

Physics of the radio halo
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1. First the offset may not be real. We need (and will soon get) more INTEGRAL data.

2. Bulk of emission on the left of the radio halo

3. M87 oscillations:

From XMM pressure/entropy/abundance maps Simionescu et al (2006) have proposed 
that M87 oscillates at the center of the Virgo cluster.  
A similar behavior was proposed by Churazov (2003) for Perseus (see also simulations by Ascasibar & Markevitch 2006).

Dynamical time scale:   D/vvirial ~ (20 kpc)/(500 km/s) ~ 0.05 Gyr

IC cooling time scale: 

The electrons cool slowly, when compared to the path of M87

➙ the IC emission may reveal the “foot-print” of  M87

Offset ?


