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Broadband IDV in 3C 279 7
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Figure 6. The modeled γ-ray (a), optical (b), and near-UV (c) flare in
3C 279 using an exponential function (see Section 3.3.2 for details). The
black points are the observed data while the red curves represent the fit.

on top of a broad-outburst observed between November 2013 and
August 2014. A comparison of the flaring activity suggests a sig-
nificant correlation between the optical/γ-ray flaring activity, which
supports the idea that the optical/γ-ray correlation reported here is
not a random coincidence. A detailed analysis of the broadband
flaring activity from November 2013 to August 2014 and its con-
nection with the jet kinematics will be given in a separate paper
(Rani et al. 2016, in preparation).

3.3.3 X-ray vs. optical and gamma-rays

We noticed a peak in the X-ray vs. optical V passband DCF analy-
sis curve, with a correlation coefficient of 0.53±0.10 (see Fig. 4 d),
which suggests a possible correlation between the two with the for-
mer leading the latter with a time lag of ∼1.8 days. The significance
of the peak is ∼90%, however, below the 95% confidence level. The
γ-ray vs. X-ray DCF analysis curve does not show any significant
peak for the observations (Fig. 4 a). The DCF analysis therefore
does not support a correlation between the two.

3.3.4 Radio vs. radio

Despite having a low fractional variability, variations at different
radio bands seem to have similar behavior. In the total intensity
curves, we noticed only marginal variations, and the same is the
case for the EVPA curves. A micro-flare is observed in the frac-
tional polarization curve both at 86 and 43 GHz radio bands. The
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Figure 7. Fractional linear polarization plotted as a function of flux density
(a) and spectral index (b) at different radio bands - red circles denote 86 GHz
band, green squares denote 43 GHz band, and blue triangles denote 22 GHz
band.

observed micro-flare has similar rise (∼1 day) and decay (∼2 days)
timescales at the two radio bands, suggesting a possible correlation
between the two. With only four measurements, the radio–radio
correlation and also correlation with other bands cannot be tested
via the formal DCF analysis method.

3.4 Flux density vs. linear polarization

Unlike the higher frequencies, the total intensity variations are
milder at radio bands, but we observed a prominent micro-flare
in the polarization curve at 86 and 43 GHz radio bands. Figure 7
shows the fractional linear polarization plotted as a function of
flux density at different radio bands. The degree of polarization
is higher at higher frequencies. In addition, there is an apparent
anti-correlation between flux density and linear polarization for
the source. A formal linear Pearson correlation analysis gives rp
= −0.64 with a 95.4% confidence level, where rp is the linear Pear-
son correlation coefficient. A systematic increase in the degree of
linear polarization could be expected as Faraday depolarization ef-
fects decrease with increasing frequency.

Particularly at 86 GHz, a change in polarization degree (PD)
occurred while the total intensity and EVPA were relatively con-
stant. An increasing PD indicates a more ordered magnetic field
or a steepening of the electron (and also synchrotron) spectrum.

MNRAS 000, 1–?? (2016)

8 Fermi-LAT COLLABORATION

Figure 4. (a,b): Gamma-ray SEDs of 3C 279 for each orbit during the outburst phase as well as “pre-outburst” and “post flare” as indicated in Figure 1. The
down arrows represent 95% confidence level upper limits. (c): Best fit parameters of the spectra based on the log-parabola model for each orbit (see Table 1 for
numbers). (d) Broad-band SED of Orbit C and D, and some historical multi-band observations with EGRET, MAGIC and Fermi-LAT.

Table 1
Flux and spectral fitting results of 3C 279 above 100MeV for each orbit (A−K) during the outburst phase.

Orbit Fluxa Γγ α β Epeak TS −2∆Lc p-valued p-valued Emax
number (10−7) (PLb) (LPb) (LPb) (GeV) (5 min. bin) (3 min. bin) (GeV)
A 121± 17 1.96± 0.11 1.84± 0.19 0.06± 0.08 1.1± 0.9 502 0.7 · · · · · · 8.8
B 218± 19 1.91± 0.07 1.75± 0.12 0.08± 0.05 1.40± 0.66 1346 3.2 0.434 0.453 16.9
C 350± 21 2.01± 0.05 1.71± 0.09 0.20± 0.05 0.61± 0.10 3037 21.9 0.00148 0.000474 9.3
D 294± 18 2.06± 0.05 1.85± 0.09 0.15± 0.05 0.50± 0.11 2661 11.8 0.0668 0.0677 6.7
E 316± 17 2.11± 0.05 1.99± 0.08 0.08± 0.04 0.32± 0.14 3400 5.0 0.504 0.429 15.2
F 259± 14 2.11± 0.05 1.88± 0.08 0.17± 0.06 0.42± 0.08 3036 15.6 0.902 0.419 9.2
G 235± 14 2.08± 0.05 1.94± 0.08 0.09± 0.04 0.41± 0.16 2720 5.6 0.166 0.308 10.9
H 258± 14 2.01± 0.05 1.79± 0.08 0.13± 0.04 0.67± 0.15 3309 13.4 0.228 0.140 10.9
I 277± 15 2.00± 0.04 1.67± 0.08 0.22± 0.05 0.63± 0.08 3699 32.8 0.708 0.435 7.7
J 233± 14 2.12± 0.05 1.92± 0.08 0.14± 0.05 0.39± 0.10 2630 10.3 0.404 0.177 13.1
K 137± 11 1.97± 0.06 1.81± 0.11 0.08± 0.05 0.91± 0.44 1540 3.8 · · · · · · 56.0

a Orbit-averaged flux above 100MeV in photons cm−2 s−1.
b PL: power-law model, LP: log-parabola model.
c ∆L represents the difference of the logarithm of the total likelihood of the fits between PL and LP models.
d p-value based on χ2 fits with a constant flux to each orbit for 5-min. and 3-min. binned light curves.



Cygnus A (6cm Carilli NRAO/AUI)  

Jets can cover several hundred kiloparsecs to a couple of 
megaparsecs (remember the Milky Way has a diameter of 
several 10s of kiloparsecs). 

Core 

Lobes 

RadiogalaxienRadiogalaxien

9

Cen A

~10 kpc



10

D~17 Mpc 



Historische Namensgebung

• Quasare:  
variable Objekte mit starkem Radiosignal

• Radiogalaxien:  
Galaxien mit ausgedehnten Radiostrukturen 
BLRG: breite Emissionslinien (broad-line 
radio galaxy) 
NLRG: ohne breite Emissionslinien (narrow-
line radio galaxy)

• Seyfert-Galaxien:  
sichtbare Galaxien mit schwacher 
Radiostruktur 
Seyfert 1: breite Emissionslinien 
Seyfert 2: ohne breite Emissionslinien

• Fanaroff-Riley-Galaxien: Galaxien mit 
auflösbarer Radiostruktur  
FR I: Radioquelle heller im Zentrum als an 
den Kante 
FR II: Radioquelle schwächer im Zentrum als 
an den Kanten

• Blazare, BL Lacertae  
(stark polarisierte Radioemission, optisches 
Kontinuum) 

• Quasi-stellare Objekte (QSOs):  
Galaxien mit sehr schwachem Radiosignal 

• .... usw.
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5. Aktive Galaxienkerne

Abb. 5.10. Variabilität des Blazars 3C279 im Röntgenbereich
(unten) und in der γ -Strahlung, bei Photonenenergien oberhalb
von 100 MeV; auf Zeitskalen von wenigen Tagen variiert die
Leuchtkraft um einen Faktor ∼ 10

Tabelle 5.1. Überblick der Klassifikation der Aktiven Galaxienkerne

Normale Galaxie Radiogalaxie Seyfert-Galaxie Quasar Blazar

Beispiel Milchstraße M87, Cygnus A NGC 4151 3C273 BL Lac, 3C279
Galaxientyp Spirale Ellipse, Irreguläre Spirale Irreguläre Ellipse?
L/L" < 104 106 −108 108 −1011 1011 −1014 1011 −1014

MBH/M" 2.6×106 3×109 106 −109 106 −109 106 −109

Radiostrahlung schwach Kern, Jets, Lobes nur ≈ 5% radiolaut nur ≈ 5% radiolaut stark, schnell variabel
Strahlung im Optischen/
NIR

vollständig
absorbiert

alte Sterne, Konti-
nuum

breite
Emissionslinien

breite
Emissionslinien

schwache oder keine
Linien

Röntgenstrahlung schwach stark stark stark stark
Gammastrahlung schwach schwach mäßig stark stark
Variablität unbekannt Monate-Jahre Stunden-Monate Wochen-Jahre Stunden- Jahre

tung auf genügend lange Zeiträume erstreckt. Besonders
beachtenswert ist die Tatsache, dass in Zeiten kleiner
Leuchtkraft manchmal Emissionslinien erkennbar sind,
und in solchen Epochen erscheint ein BL Lac dann
wie ein OVV. Aus diesem Grunde fasst man die OVVs
und die BL Lacs zusammen in die Klasse der Blazare.
Alle bekannten Blazare sind Radioquellen. Neben ihrer
heftigen Variabilität zeigen Blazare auch hochenerge-
tische und stark variable γ -Strahlung (Abb. 5.10). Die
Tabelle 5.1 fasst die grundlegenden Eigenschaften der
verschiedenen AGN-Klassen zusammen.

5.3 Die zentrale Maschine:
ein Schwarzes Loch

Schon mehrmals wurde erwähnt, dass die Energieerzeu-
gung in AGNs mittels eines supermassiven Schwarzen

Loches (SMBH) erfolgen muss. In diesem Abschnitt
wollen wir die Argumente für diese Schlussfolgerung
aufzeigen. Dazu stellen wir zunächst noch einmal einige
der relevanten fundamentalen Beobachtungstatsachen
für AGNs zusammen.

• Die Ausdehnung einiger Radioquellen in AGNs be-
trägt bis zu ! 1 Mpc. Aus dieser Längenskala kann
man eine untere Schranke für die Dauer der Akti-
vität im Kern dieser Objekte ableiten, denn selbst
wenn sich die Radioquelle vom Kern her mit bei-
nahe Lichtgeschwindigkeit ausdehnen würde, wäre
das Lebensalter einer solchen Quelle τ ! 107 yr.

• Leuchtkräftige QSOs haben eine Leuchtkraft bis
zu Lbol ∼ 1047 erg/s. Nimmt man an, dass sich
die Leuchtkraft nicht substantiell über den Le-
benszeitraum der Quelle ändert, so kann man
aus der Leuchtkraft und dem Mindestalter eine
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Klassische Betrachtung schwarzer Löcher
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Nachweis schwarzer Löcher
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Blauer Riese (O-Stern) HDE 226868  
Cygnus X-1

kinematische Methoden 
Luminosität und Variabilität 
quasi-periodische Emissionen 
Nachweis von dunklen Punkten 
Gravitationslinseneffekte



Ein schwarzes Loch im Zentrum unserer Milchstrasse
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nuclei with a single physical model. Because of the finite size (,0.9 00

diameter) of a non-relativistic, 3 £ 106M( ball of around 16 keV
fermions, themaximum (escape) velocity is about 1,700 km s21 and
the shortest possible orbital period for S2 in such a fermion ball
model would be about 37 yr (ref. 18), clearly inconsistent with the
orbit of S2. The enclosed mass at perinigricon would require a
neutrino mass of over 50 keV, a value which can safely be excluded
for neutrino ball models trying to explain the entire range of
observed masses in galactic nuclei17,18. The only ‘dark particle
matter’ explanation that cannot be ruled out by the present data
is a ball of bosons, because such a configuration would have a radius
only a few times greater than the Schwarzschild radius of a black
hole16,19. However, it would be very hard to understand how the
bosons first manage to reach such a high concentration, and then
avoid forming a black hole by baryonic accretion16,19. The data on
the Galactic Centre thus show that the central mass distribution is
remarkably well described by the potential of a point mass over
three orders in magnitude in spatial scale, from 0.8 light days to 2
light years. The contribution of the extended stellar cluster around
SgrA* to the total mass cannot be more than a few hundred solar
masses within the pericentre distance of the orbit of S2.

Thus we have presented the first step in a new phase of near-
infrared observations of the immediate surroundings of the central
dark mass in the centre of the Milky Way. The observation of orbits
of stars surrounding the central dark object offers a clean new way
of constraining its mass distribution and testing the supermassive
black hole model with the simple assumption of keplerian orbits.
Within the next years we hope to observe the accelerations and
orbits of several faint stars near SgrA* that have become observable
with the increased resolution and sensitivity of the NAOS/CON-
ICA camera/adaptive optics system at the VLT. Even more detailed
observations of the SgrA* environment will become possible with
infrared interferometry at the Large Binocular Telescope, the ESO
Very Large Telescope Interferometer and the Keck interferometer,
which will provide resolution of a few to 10mas (a few light hours).
These offer exciting prospects for the exploration of relativistic
motions at 10–100 Schwarzschild radii from the central black
hole20. A
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Figure 3Mass distribution in the Galactic Centre. Mass distribution in the Galactic Centre
(for an 8 kpc distance21). The filled circle denotes the mass derived from the orbit of S2.

The error bar combines the orbital fit and astrometry errors (Table 1). Filled downward-

pointing triangles denote Leonard–Merritt projected mass estimators from a new NTT

proper motion data set (T.O., R.S., R.G. and A.E., manuscript in preparation), separating

late and early type stars, and correcting for the volume bias in those mass estimators by

scaling with correction factors (0.88–0.95) determined from Monte Carlo modelling of

theoretical clusters5. An upward-pointing rectangle denotes the Bahcall–Tremaine mass

estimate obtained from Keck proper motions4. Grey filled rectangles are mass estimates

from a parameterized Jeans-equation model from ref. 5, including anisotropy and

differentiating between late and early type stars. Open circles are mass estimates from a

parameterized Jeans-equation model of the radial velocities of late type stars, assuming

isotropy5. Open rectangles denote mass estimates from a non-parametric, maximum

likelihood model, assuming isotropy and combining late and early type stars22. The

different statistical estimates (in part using the same or similar data) agree within their

uncertainties but the variations show the sensitivity to the input assumptions. In contrast,

the new orbital technique for S2 is much simpler and less affected by the assumptions.

The continuous curve is the overall best-fit model to all data. It is a sum of a

(2.6 ^ 0.2) £ 106M ( point mass, plus a stellar cluster of central density

3.9 £ 106M ( pc23, core radius 0.34 pc and power-law index a ¼ 1.8. The ‘long dash,

short dash’ curve shows the same stellar cluster separately, but for an infinitely small core

(that is, a ‘cusp’). The thick dashed curve is the sum of the visible cluster, plus a Plummer

model of a hypothetical concentrated (a ¼ 5), very compact (R o ¼ 0.00019 pc) dark

cluster of central density 1 £ 1017M ( pc23.
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418 R. Bacon et al.: The M 31 double nucleus probed with OASIS and HST

Fig. 8. OASIS velocity profiles along the kinematic axis (PA =
56.4◦, averaged over a width of 0.′′2). Top panel: stellar veloc-
ity. Bottom panel: stellar velocity dispersion. The crosses and
circles correspond to the high S/N (M8), and the high spatial
resolution (M2) datacubes respectively

Fig. 9. Comparison between the SIS kinematics (circles;
Kormendy & Bender 1999; PA = 52.5◦, slit width of 0.′′35) and
the OASIS equivalent slit (crosses). Top panel: mean velocity.
Bottom panel: velocity dispersion

−0.′′235 with a value of 321 ± 33 km s−1 (and a value of
313±36 km s−1 at −0.′′18). This is to be compared with the
offset of 0.′′15–0.′′20 found7 by KB99 and ∼0.′′2 for the slit
profile reconstructed from the OASIS data. The STIS ve-
locity profile crosses the V = 0 line at +0.′′09 (P1 side). At

7 This includes the spatial offset of 0.′′031 discussed in
Sect. 2.3.

Fig. 10. Bulge-subtracted OASIS kinematics along the kine-
matic major-axis of the nucleus compared with the original
OASIS M8 profiles (crosses). The solid line shows the result-
ing kinematics when using a constant dispersion of 150 km s−1

for the bulge, and the dotted line when using the dispersion
predicted by a simple Jeans model

[0, 0] we measure V = −68 ± 6 km s−1. After subtraction
from the bulge contribution, the central velocity gradient
is slightly steeper, with turnover values of −355 km s−1

and 221 km s−1 at −0.′′235 and 0.′′47 respectively.
Comparing the original FOC (Sta+99) and the STIS

data, we find significant discrepancies in both the veloc-
ity and dispersion profiles at the very centre which seem
difficult to attribute to differences in instrumental char-
acteristics. The most surprising difference is the location
of the dispersion peak in the original FOC data which is
nearly centred with an offset of only 0.′′06 from the UV
peak (away from P1). By including the observed spatial
shift of 0.′′025 mentioned in Sect. 2.3, as well as a veloc-
ity shift of 30 km s−1, the comparison looks reasonable
(Fig. 12): this point is discussed below (Sect. 5.4).

5.4. OASIS compared with HST kinematics

Although the STIS and FOC data have similar slit widths
(0.′′1 for STIS and 0.′′063 for FOC) and PAs (39◦ for STIS
and 42◦ for FOC), the FOC data (Sta+99) were obtained at
much bluer wavelengths than STIS (0.45 versus 0.85 µm)
and have a better spatial resolution (Fig. 12). A detailed
comparison between the STIS and FOC data sets thus
requires to take into account these specific characteris-
tics. However, this implies the convolution of the (yet un-
known) 2D kinematics of M 31 at FOC spatial resolution.
We also wish here to compare HST and OASIS kinematical
data: the two-dimensional coverage of the OASIS spectra is

M31
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Superschwere Schwarze Löcher: Geschwindigkeitsvarianz

MBH related 
to galaxy 
bulge
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galaxies 
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