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and jet engines!



Pratt F100

• Jet engine, clear signature of 
a jet coupled to a fuel line

• can observe sheath/spline 
structure

• Fuel Power 3e15 erg/s

• Jet power: 1.5e14 erg/s



Jets vs Accretion
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Jet engine vs Accretion
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unphysical
if jet is accretion 

powered

not observable 
due to 

limited dynamic range
of our telescopes

Simple mathematical check like partial correlation analysis or Monte Carlo simulations can check if any effect is an artefact 
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Ultra-luminous X-ray sources

Image credit: NASA/GALEX/Chandra/Hubble

• Off nuclear X-ray point sources with luminosities brighter than ~1039 erg/s



ULXs

• Highly variable light-curves 
in the X-rays reaching up to 
1042 erg/s 

• high luminosities and low 
disc BB temperatures: 
ULXs might harbour 
IMBHs

A 0.42-s ULX pulsar in NGC 7793 3

Table 2. Main properties of the NGC 7793 P13 pulsar.

Epoch (MJD TDB) 56621.0 57001.0
P (s) 0.4197119(2) 0.4183891(1)
⌫ (Hz) 2.382586(1) 2.3901207(6)
|Ṗ | (10�11 s s�1) <10 <5
Ṗsec (10�11 s s�1) �4.031(4)
Pulsed fraction (%)a 18(1) 22(1)
F 0.3�10
X

(erg cm�2 s�1) 1.1(1)⇥10�12 2.7(1)⇥10�12

L0.3�10
X

(erg s�1) 2.1(2)⇥1039 5.0(2)⇥1039

a Pulsed fraction defined as the semi-amplitude of the sinusoid divided by
the average source count rate in the 0.1–12 keV range.

Figure 2. Background subtracted pulsed fractions of the 0.42 s signal as a
function of energy for the 2013 (circles) and 2014 (squares) pn data.

level of about 13� by the power spectrum peak detection algo-
rithm of the automatic analysis (Israel & Stella 1996; see Fig. 1
and Table 2). By a phase fitting analysis, we honed the period at
0.4183891±0.0000001 s (with uncertainty at 1� confidence level,
c.l.). No significant first period derivative was found, with 3� lim-
its of about ±5⇥10�11 s s�1. Pulsations at about 0.42 s were also
detected in the pn data of Obs. 069376040, carried out one year be-
fore (2013 November). The refined period value was 0.4197119±
0.0000002 s. Also in this data set, no first period derivative was
found (with 3� limits of about ±10�10 s s�1), but the difference
between the two measures implies a long-term average (‘secular’)
period derivative Ṗsec = �(4.031± 0.004)⇥ 10�11 s s�1.

The 0.1-12 keV pulse profiles are almost sinusoidal (single-
peaked), with an averaged pulsed fraction of 18±1% and 22±1%
for the 2013 and 2014 observation, respectively (see inset in Fig. 1).
The pulsed fraction is increasing from 10–20% below 1.5 keV up
to about 40% above 8 keV (see Fig. 2).

2.4 Spectral analysis and long-term variability

The spectral fitting was performed in 0.3–10 keV using XSPEC
v.12.8; the abundances used are those of Wilms, Allen, & Mc-
Cray (2000). Different spectral models have been used in liter-
ature to fit the 2013 XMM–Newton spectrum of NGC 7793 P13
(Motch et al. 2014). Bearing in mind the nature of the compact
object, we simply notice that a good fit can be also obtained as-
suming an empirical model often used for accreting X-ray pul-
sars in our Galaxy: an absorbed power-law with a high energy
cut-off (the multiplicative component HIGHECUT in XSPEC) plus,
sometimes, a soft thermal component at low energies, which we
modelled with a blackbody (BB). A similar model has been suc-

Figure 3. Long term 0.3–10 keV flux (left axis) and isotropic luminosity
(right axis) evolution of NGC 7793 P13 as observed by Swift (filled circles),
XMM–Newton (filled squares) and Chandra (empty squares). Arrows mark
the 3� upper limits derived from individual Swift (purple) observations.

cessfully tested on the X-ray spectra of a sample of ULXs with
broadband XMM+NuSTAR data by Pintore et al. (2016, in prepa-
ration). We note that, regardless of the model used, the fluxes
and luminosities derived do not change significantly. The model
PHABS[HIGHECUT*(POWERLAW+BBODYRAD)] gave the follow-
ing parameters (we assumed that the two datasets have the same ab-
sorption): NH = (9.60± 0.01)⇥ 1020 cm�2, �2013 = 1.2± 0.1
and �2014 = 1.14 ± 0.06, E2013

cut = 5.5+0.8
�0.5 keV and E2014

cut =
6.5+0.4

�0.6 keV, E2013
fold = 5.0 ± 1.7 keV and E2014

fold = 4.6+1.5
�0.9 keV,

kT 2013
BB = 0.18 ± 0.02 keV and kT 2014

BB = 0.23 ± 0.04 keV,
R2013

BB = (1.2±0.3)⇥103 km and R2014
BB = (0.7±0.1)⇥103 km

(90% c.l. uncertainties are reported; see also Table 2 for fluxes
and luminosities). We note that the size of the black body is
of the order of the corotation radius of the pulsar (see below).
The probabilities, as inferred through the Fisher test (F-test), that
the inclusion of the HIGHECUT component (with respect to the
power-law alone) and of the blackbody component (with respect
to HIGHECUT⇤POWERLAW), are not needed are 7⇥10�17 and
9⇥10�12, respectively. The reduced �2 for the simultaneous fit
of the two data sets is 1.13 for 373 degrees of freedom (dof). For
the 2011 Chandra spectra we considered a simple absorbed power-
law model due to poor statistics, and compared the results with
those of the brightest Chandra (2003) and XMM–Newton (2014)
observations (adopting the same model and keeping the same value
for NH). We obtained the following value for the photon index:
�2011=1.5(2), �2003=1.21(3) and �2014=1.29(2) at 90% c.l., sug-
gesting a moderate steepening of the spectrum at lower fluxes.

The data from the Swift monitoring proved useful to study the
long-term variability of NGC 7793 P13. We fit simultaneously the
spectra in the 0.3–10 keV band, using the Cash (C) statistics and af-
ter binning energy channels so as to have at least one count per bin.
We assumed an absorbed power law model, forcing the absorption
column to take the same (free) value in all the observations. The
C statistics we obtained was 3906 for 4595 dof. We measured an
absorption column density of NH = (6.7±0.2)⇥1020 cm�2. The
average value of the index of the power law was <�>= 1.03, with
a standard deviation of 0.18. The observed 0.3–10 keV unabsorbed
fluxes are plotted in Fig. 3; the right scale of the plot represents the
isotropic luminosity in the same energy band. When the source was
not significantly detected, we set an upper limit on the 0.3–10 keV

c� 2017 RAS, MNRAS 000, 1–5
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ULX spectra

• Fit with absorbed power 
law + black body+high 
energy cut-off

• Low BB temperatures 
around 0.2 keV

4 G.L. Israel et al.

Figure 4. XMM–Newton pn energy spectra of NGC 7793 P13 fit with the
blackbody (dot-dashed line) plus powerlaw (dotted line) model described
in Sect. 2.4 for the 2013 (crosses) and 2014 (filled circles). The residuals, in
unit of �, are also plotted (lower panel).

count rate at 3� confidence level following Gehrels (1986). Then,
we converted the count rate into a flux estimate with WebPIMMS,2

assuming that the spectrum is described by an absorbed power law
with absorption column NH = 5.7⇥ 1020 cm�2 and photon index
� = 1 (see arrows in Fig. 3).

NGC 7793 P13 was detected in X-ray outburst during obser-
vations performed in 2010, and from late 2013 to 2016. The max-
imum and minimum observed 0.3–10 keV flux are 9+4

�3 ⇥ 10�12

and (0.5 ± 0.2) ⇥ 10�12 erg cm�2 s�1 observed on 2016 June 6
and 2010 October 15, respectively. These fluxes translate into 0.3–
10 keV isotropic luminosity of ⇠1.6⇥1040 and ⇠9⇥1038 erg s�1.
A bolometric correction factor of 1.25 is obtained if it is assumed
that the spectrum is cut off at Ecut = 5.5 keV with a folding
energy of Efold = 5 keV.

3 DISCUSSION

Motch et al. (2014) found that the orbital period of NGC 7793
P13 is 64 d and that the properties of the optical counterpart are
consistent with those of a B9Ia supergiant companion with mass
in the range M2 = 18–23 M� and radius of R2 = 50–60 R�.
The same authors assume that the star fills its Roche lobe, since
the stellar wind from a B9Ia supergiant cannot provide the accre-
tion rate needed to produce the maximum observed X-ray lumi-
nosity (1019–1020 g s�1, see below). All acceptable orbital so-
lutions require a significant eccentricity (e=0.27–0.41). From this
constraint, Motch et al. (2014) conclude that, at periastron, the su-
pergiant can fill its Roche lobe for a BH companion with a mass
3.4 M� < MBH < 15 M�, with the upper limit being fixed by the
requirement that the Roche lobe is not too small to accommodate
the star.

The discovery of a pulsar in NGC 7793 P13 allows us to place
an independent and even tighter constraint on the orbital eccentric-
ity of the system. Assuming a mass M1 = 1.4 M� for the NS, the
Roche lobe of the companion is bigger than that for a BH. There-
fore, even a B9Ia supergiant cannot fill it unless the eccentricity
is e=0.46–0.55, so that, at periastron, the separation is sufficiently
small to allow for a contact phase.

Following Motch et al. (2014), we assume that the mass trans-
fer in the system proceeds on a thermal timescale tth: tth =

2 See https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl.
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Figure 5. Accretion luminosity versus surface magnetic field constraints
for NGC 7793 P13. The solid line gives the maximum luminosity that can
be produced by column-accretion onto the NS magnetic poles. The dashed
line is the limit above which the energy released in the accretion disk ex-
ceeds the Eddington limit and disk thickens. Accretion is inhibited below
the dot-dashed line, as the NS enters the propeller regime. Double-arrowed
segments show the factor of ⇠8 flux variation displayed by the source when
pulsations were detected.Different segments are shifted by the inverse of
the beaming factor b�1 = Liso/Lacc. A value of b ⇠1/2 is found to be
in agreement with the observed source properties (see text): this solution
implies a dipole magnetic field of B⇠5 ⇥1012 G and a multipolar field
B>8⇥1013 G at the base of the accretion column (dotted line).

2.4 ⇥ 105(M2/20 M�)
2 ⇥ (R2/50 R�)

�1(L2/10
4L�)

�1 yr ,
where L2 is the luminosity of the companion. The mass transfer
rate is then: Ṁ2 ⇡ M2/tth = 3.7 ⇥ 1021(M2/20 M�)

�1 ⇥
(R2/50 R�)(L2/10

4 L�) g s�1. Owing to the large mass ra-
tio (q = M2/M1 � 1), the evolution is expected to be non-
conservative. Part of the mass is likely to be removed from the
binary through hydrodynamical instabilities, although the system
may possibly be stabilized by the significant mass loss of the com-
panion (Fragos et al. 2015). Even considering all mass losses,
Ṁ2 is so high to easily account for the accretion rate Ṁ im-
plied by the maximum observed X-ray luminosity: Lmax ⇡ b ·
1040 erg s�1, Ṁ = Lmax/(⌘c

2) ⇡ 1020b (0.1/⌘) g s�1, where
b is the beaming factor and ⌘ the accretion efficiency (see also be-
low).

NGC 7793 P13 displayed a factor of ⇠8 flux variation in the
high state (above ⇠2⇥1039erg s�1; see Fig. 3), attaining a max-
imum isotropic luminosity of Lmax

iso ⇠ 1.6 ⇥ 1040 erg s�1, about
100 times higher than the Eddington limit. We note that the ⇠0.42 s
pulsations were observed at the top and close to the bottom of this
range, implying that accretion onto the NS took place over the en-
tire interval of variation.

In our discussion here we assume that accretion onto the NS
takes place unimpeded (at least) over the above mentioned luminos-
ity variation. The ⇠ �4.0⇥ 10�11 s s�1 period derivative inferred
from the two one-year-apart observations during which pulsations
were detected, is virtually unaffected by orbital Doppler shift given
that the two XMM–Newton pointings are almost at the same orbital
phase (assuming P

orb

= 63.52 d; Motch et al. 2014).
NSs may attain accretion luminosities exceeding the Edding-

ton limit by orders of magnitude if their surface magnetic field
(B) is very high, so that electron scattering cross sections for
extraordinary mode photons below the cyclotron energy Ec ⇠
12(B/1012 G) keV is much lower than the Thomson cross sec-

c� 2017 RAS, MNRAS 000, 1–5

NGC 7793 P13; Israel et al. 2017



Low BB temperatures 
common

• ULXs show low 
temperature BBs in their 
spectra

• BUT at least in some cases 
the source could not be an 
IMBH: 

• e.g., Motch et al. 2014 
found a 64 day orbit in 
NGC 7793 P13; 
constrain mass to be 
below 14 Msol

2 Cool Disks and IMBH Candidate ULXs

FIG. 1.— In the figure above, the X-ray luminosity of a number of extremely
luminous ULXs and stellar-mass black holes in their brightest phases are plot-
ted against disk temperatures inferred from X-ray spectral fits. The fact that the
ULXs are more luminous and yet have cooler disks than the stellar-mass black
holes suggests that they may harbor intermediate mass black holes.

This sample includes: LMC X-1, LMC X-3, 4U 1543−475,
XTE J1550−564, 4U 1630−472, GRO J1655−40, and
GRS 1915+105. These are among the best-studied stellar-
mass BHCs. It should also be noted that this sample includes
both persistent sources or sources undergoing very long out-
bursts (LMC X-1, LMC X-3, GRS 1915+105), and transient
sources (4U 1543−475, XTE J1550−564, 4U 1630−472, GRO
J1655−40) with outbursts which may last as much as a year (or
longer) followed by quiescent periods with fluxes 5–6 orders of
magnitude lower, lasting months to years. See Table 1 for a list
of references for these sources.

3. ANALYSIS AND RESULTS

The luminosity and disk temperatures we use in this paper
are those derived by the authors in the references listed in Ta-
ble 1 from their spectral fits to each source using a simple and
phenomenological model consisting of a multicolor disk black-
body (MCD; Mitsuda et al. 1984) and power-law spectral com-
ponents (both modified by neutral interstellar absorption).
The energy range over which the spectral fits were made to

the ULX sources and stellar-mass black hole sources differed
considerably, due to the different lower energy thresholds of
Chandra and XMM-Newton, and RXTE. In most cases, the ULX
spectra were fit in the 0.2–10.0 keV or 0.3–10.0 keV range. In
contrast, the stellar-mass black hole spectra were generally fit in
the 3.0–25.0 keV or 3.0–100.0 keV range. To perform a mean-
ingful comparison between these sources, we converted the flux
and luminosity measurements in the differing energy ranges to
the 0.5–10.0 keV range. This conversion was accomplished by
entering the exact spectral model for each published spectral fit
into XSPEC version 11.2 (Arnaud & Dorman 2000), and mea-
suring the “unabsorbed” flux of each model in the 0.5–10.0 keV
range. For the ULXs in particular, the 0.2–100.0 keV luminos-
ity — more representative of a bolometric luminosity —

FIG. 2.— In the plot above, a number of low-luminosity BHC data points
have been added to Figure 1, to illustrate that BHC disk temperatures only
approach those of the ULXs at luminosities that are generally 2 orders of mag-
nitude (or more) below the ULX luminosities.

is a few times higher than the 0.5–10.0 keV luminosity. In some
cases, the published disk temperatures were “effective temper-
atures” — converted from “color temperatures” by application
of a color correction factor, which attempts to account for ef-
fects such as spectral hardening from radiative transfer through
a disk (Shimura & Takahara 1995; Merloni, Fabian, & Ross
2000; Makishima et al. 2000). In these cases, we converted the
effective temperature to a color temperature. Color tempera-
tures are compared directly to color temperatures in this work.
This introduces no significant temperature bias; a recent study
has shown that the correction factor for IMBHs should be very
similar to that sometimes applied to stellar-mass black holes
(Fabian, Miller, & Ross 2004).
The lower energy bound of the 0.5–10.0 keV range is some-

what higher than the present lower energy bounds of Chandra
and XMM-Newton; however, history suggests that as all X-ray
detectors age, the lower energy bound gradually increases. This
range was chosen to be forward–looking, and to avoid any bi-
ases inherent in relying too heavily on the lowest bins in the
Chandra and XMM-Newton bandpasses.
To understand the properties of the ULX sources within the

context of BHCs in their brightest states, we plotted the lumi-
nosity and disk temperature of each ULX, and the correspond-
ing data for the five most luminous observations of each BHC
in our sample (see Figure 1). In selecting the brightest BHC
observations, we are attempting to select those phases wherein
each source is closest to its Eddington luminosity. In all cases,
the errors on the disk color temperatures are 90% confidence
errors. For the ULX sources, the luminosity errors are the 90%
confidence errors in the measured flux. A review of the liter-
ature shows that constraints on the distance to given Galactic
sources can change considerably over time with refined mea-
surements, especially when extinction is particularly high. To
be conservative, the luminosity errors on the stellar–mass black
holes were set by taking the best-fit measured flux, and enforc-

Miller et al. 2004



ULXs can be neutron stars

• Bachetti et al. 2014 find 
pulsations with NUSTAR 
in one ULXs (M82-X2)

• subsequently found in at 
least 3 ULXs

• brightest NGC 5907 
ULX-1 with 1041 erg/s or 
~ 500 * Eddington 

• All pulsars spinning up 
rapidly

2 G.L. Israel et al.

Table 1. Logbook of the XMM–Newton observations used in this work.

Obs. ID Start date Exp. Off-axisa Count rateb

(ks) (arcsec) ( cts s�1)

0693760101 2012-05-14 35 77 0.007± 0.002
0693760401 2013-11-25 45 77 0.29± 0.02
0748390901 2014-12-10 47 249 0.53± 0.02

a Radial off-axis angle of NGC 7793 P13 from the boresight of the tele-
scope.
b Net source count rate from pn in the 0.3–10 keV energy band, using the
extraction regions described in the text.

paper) reasonably face-on (i = 53.7�) galaxy NGC 7793 in the
Sculptor group (Fabbiano et al. 1992). It was also detected by
ROSAT in 1992 at LX ⇠3.5 ⇥ 1039 erg s�1 (value extrapolated
in the 0.3–10 keV band; Read & Pietsch 1999). A Chandra point-
ing carried out in 2003 September revealed two sources at the
ROSAT position of NGC 7793 P13, separated by 2 arcsec, namely
CXOU J235750.9–323726 and CXOU J235750.9–323728 (Pan-
nuti et al. 2011). The latter source is thought to be unrelated to
NGC 7793 P13 and is more than an order of magnitude less lumi-
nous than NGC 7793 P13 itself. Their luminosities are ⇠1.2⇥1039

and ⇠6.2 ⇥ 1037 erg s�1, respectively. The compact object in
NGC 7793 P13 is orbiting around a B9Ia spectral-type star of 18–23
M� in a binary system with an orbital period of about 64 days and
a moderate eccentricity e of 0.3–0.4 (Motch et al. 2014). By mod-
elling the strong optical and UV orbital modulation, likely arising
from the heating of the donor star, a mass for the suspected BH of
less than about 15 M� has been inferred for NGC 7793 P13 (Motch
et al. 2014).

Here we report on the discovery of coherent pulsa-
tions at a period of 0.42 s in the EPIC pn lightcurves of
XMMU J235751.1–323725, with a secular first period derivative
of Ṗsec ⇠ �4⇥ 10�11 s s�1 (Sect. 2.3). These findings clearly in-
dicate that NGC 7793 P13 hosts an accreting neutron star (NS) in a
binary system and not a stellar-mass BH as previously assumed. We
discuss the nature of this new ultraluminous X-ray pulsar (Sect. 3),
the third discovered so far, and also the fastest-spinning one.

2 OBSERVATIONS AND DATA ANALYSIS

2.1 XMM–Newton and Chandra

The region of NGC 7793 P13 was observed by XMM–Newton with
the EPIC detectors in full imaging mode (Full Frame). The source
position was always off-axis, at angles from ⇠1.2 to 4.1 arcmin.
The 0.42-s pulsations were detected in the pn data only (MOS cam-
eras time resolution ⇠2.6 s; pn time resolution ⇠73 ms). The public
pn data sets covering the position of NGC 7793 P13 are listed in Ta-
ble 1. During the first pointing, a faint source was detected at a flux
level of ⇠1.7(3)⇥ 10�14 erg cm�2 s�1, corresponding to a lumi-
nosity of ⇠3⇥ 1037 erg s�1 and providing only about 120 events.

As part of the EXTraS reduction pipeline, the raw observation
data files (ODF) were processed with the Science Analysis Soft-
ware (SAS) v.16. Time intervals with high particle background were
filtered. Photon event lists and spectra were extracted in a radius of
32 arcsec for the source, while to estimate the background we used
a nearby region with radius of 45 arcsec, far from other sources and
avoiding CCD gaps. Event times were converted to the barycentre
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Figure 1. Fourier power spectra for the November 2013 (bottom) and
December 2014 (top; shifted by +200 in power) pn data (0.1–12 keV;
�t ' 73 ms, 524,288 frequencies). The prominent peaks at about 2.4 Hz
correspond to the 0.42-s signal. The inset shows the background subtracted
light curves of the two data sets folded to their best periods (see Table 2.)

of the Solar system with the SAS task BARYCEN using the Chan-
dra source position (RA = 23h57m50.s9, Dec. = �32�37026.006).
Spectra were rebinned so as to obtain a minimum of 30 counts per
energy bin, and for each spectrum we generated the response matrix
and the ancillary file using the SAS tasks RMFGEN and ARFGEN.

NGC 7793 P13 was imaged 4 times by Chandra between
2003 (one pointing) and 2011 (three pointings) with the Advanced
CCD Imaging Spectrometer (time resolution of 3.2 s) at an off-axis
angle between 2 and 4.5 arcsec. We used WAVDETECT (within
the CIAO package, v.4.8) for source detection and considered six
wavelet detection scales (1, 2, 4, 8, 12 and 16 pixels). Spectra were
obtained in the 0.3-10 keV energy range using the SPECEXTRACT,
circular regions of 4 arcsec for the source, and locally optimized
background regions for each observation. As a result of this anal-
ysis, we detect only one source at the position of NGC 7793 P13
in all observations (at variance with Pannuti et al. 2011). In the
following, we assume that the faint source detected by Chandra
(2011) and XMM–Newton (2012) is indeed NGC 7793 P13.

2.2 Swift

We analysed the 78 observations of NGC 7793 performed with the
Swift X-Ray Telescope (XRT; Burrows et al. 2005) between 2010
August 16 and 2016 August 24, for a total exposure of 210 ks.
We processed and analysed the observations performed in pho-
ton counting (PC) mode using the standard software (HEASOFT
v. 6.19) and calibration files (CALDB v. 20160609). We extracted
source photons in a 20-px radius (equivalent to 47.2 arcsec)
around the source position; background was extracted from close-
by source-free regions. Photons with grade between 0 and 12 were
retained in the analysis.

2.3 Discovery of the period and timing analysis

A periodic signal at about 0.42 s was first detected in the 0.1-
12 keV pn data set 0748390901 (2014 December) at a confidence

c� 2017 RAS, MNRAS 000, 1–5

NGC 7793 P13; Israel et al. 2017



Neutron star ULXs
• Ultra-luminous state of NS

• show low BB 
temperature; variability; 
spectral curvature

• ULX Pulsars seems to 
require high magnetic fields/
accretion rates

• There could be BH ULXs 
out there, but the IMBH 
argument is typically weak 
now given the NS ULXs

4 G.L. Israel et al.

Figure 4. XMM–Newton pn energy spectra of NGC 7793 P13 fit with the
blackbody (dot-dashed line) plus powerlaw (dotted line) model described
in Sect. 2.4 for the 2013 (crosses) and 2014 (filled circles). The residuals, in
unit of �, are also plotted (lower panel).

count rate at 3� confidence level following Gehrels (1986). Then,
we converted the count rate into a flux estimate with WebPIMMS,2

assuming that the spectrum is described by an absorbed power law
with absorption column NH = 5.7⇥ 1020 cm�2 and photon index
� = 1 (see arrows in Fig. 3).

NGC 7793 P13 was detected in X-ray outburst during obser-
vations performed in 2010, and from late 2013 to 2016. The max-
imum and minimum observed 0.3–10 keV flux are 9+4

�3 ⇥ 10�12

and (0.5 ± 0.2) ⇥ 10�12 erg cm�2 s�1 observed on 2016 June 6
and 2010 October 15, respectively. These fluxes translate into 0.3–
10 keV isotropic luminosity of ⇠1.6⇥1040 and ⇠9⇥1038 erg s�1.
A bolometric correction factor of 1.25 is obtained if it is assumed
that the spectrum is cut off at Ecut = 5.5 keV with a folding
energy of Efold = 5 keV.

3 DISCUSSION

Motch et al. (2014) found that the orbital period of NGC 7793
P13 is 64 d and that the properties of the optical counterpart are
consistent with those of a B9Ia supergiant companion with mass
in the range M2 = 18–23 M� and radius of R2 = 50–60 R�.
The same authors assume that the star fills its Roche lobe, since
the stellar wind from a B9Ia supergiant cannot provide the accre-
tion rate needed to produce the maximum observed X-ray lumi-
nosity (1019–1020 g s�1, see below). All acceptable orbital so-
lutions require a significant eccentricity (e=0.27–0.41). From this
constraint, Motch et al. (2014) conclude that, at periastron, the su-
pergiant can fill its Roche lobe for a BH companion with a mass
3.4 M� < MBH < 15 M�, with the upper limit being fixed by the
requirement that the Roche lobe is not too small to accommodate
the star.

The discovery of a pulsar in NGC 7793 P13 allows us to place
an independent and even tighter constraint on the orbital eccentric-
ity of the system. Assuming a mass M1 = 1.4 M� for the NS, the
Roche lobe of the companion is bigger than that for a BH. There-
fore, even a B9Ia supergiant cannot fill it unless the eccentricity
is e=0.46–0.55, so that, at periastron, the separation is sufficiently
small to allow for a contact phase.

Following Motch et al. (2014), we assume that the mass trans-
fer in the system proceeds on a thermal timescale tth: tth =

2 See https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl.
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Figure 5. Accretion luminosity versus surface magnetic field constraints
for NGC 7793 P13. The solid line gives the maximum luminosity that can
be produced by column-accretion onto the NS magnetic poles. The dashed
line is the limit above which the energy released in the accretion disk ex-
ceeds the Eddington limit and disk thickens. Accretion is inhibited below
the dot-dashed line, as the NS enters the propeller regime. Double-arrowed
segments show the factor of ⇠8 flux variation displayed by the source when
pulsations were detected.Different segments are shifted by the inverse of
the beaming factor b�1 = Liso/Lacc. A value of b ⇠1/2 is found to be
in agreement with the observed source properties (see text): this solution
implies a dipole magnetic field of B⇠5 ⇥1012 G and a multipolar field
B>8⇥1013 G at the base of the accretion column (dotted line).

2.4 ⇥ 105(M2/20 M�)
2 ⇥ (R2/50 R�)

�1(L2/10
4L�)

�1 yr ,
where L2 is the luminosity of the companion. The mass transfer
rate is then: Ṁ2 ⇡ M2/tth = 3.7 ⇥ 1021(M2/20 M�)

�1 ⇥
(R2/50 R�)(L2/10

4 L�) g s�1. Owing to the large mass ra-
tio (q = M2/M1 � 1), the evolution is expected to be non-
conservative. Part of the mass is likely to be removed from the
binary through hydrodynamical instabilities, although the system
may possibly be stabilized by the significant mass loss of the com-
panion (Fragos et al. 2015). Even considering all mass losses,
Ṁ2 is so high to easily account for the accretion rate Ṁ im-
plied by the maximum observed X-ray luminosity: Lmax ⇡ b ·
1040 erg s�1, Ṁ = Lmax/(⌘c

2) ⇡ 1020b (0.1/⌘) g s�1, where
b is the beaming factor and ⌘ the accretion efficiency (see also be-
low).

NGC 7793 P13 displayed a factor of ⇠8 flux variation in the
high state (above ⇠2⇥1039erg s�1; see Fig. 3), attaining a max-
imum isotropic luminosity of Lmax

iso ⇠ 1.6 ⇥ 1040 erg s�1, about
100 times higher than the Eddington limit. We note that the ⇠0.42 s
pulsations were observed at the top and close to the bottom of this
range, implying that accretion onto the NS took place over the en-
tire interval of variation.

In our discussion here we assume that accretion onto the NS
takes place unimpeded (at least) over the above mentioned luminos-
ity variation. The ⇠ �4.0⇥ 10�11 s s�1 period derivative inferred
from the two one-year-apart observations during which pulsations
were detected, is virtually unaffected by orbital Doppler shift given
that the two XMM–Newton pointings are almost at the same orbital
phase (assuming P

orb

= 63.52 d; Motch et al. 2014).
NSs may attain accretion luminosities exceeding the Edding-

ton limit by orders of magnitude if their surface magnetic field
(B) is very high, so that electron scattering cross sections for
extraordinary mode photons below the cyclotron energy Ec ⇠
12(B/1012 G) keV is much lower than the Thomson cross sec-

c� 2017 RAS, MNRAS 000, 1–5

NGC 7793 P13; Israel et al. 2017

Column accretion onto the NS poles

see theory talk how to unify with black holes



Space for BHs
• One source: HLX-1 does 

show luminosities so high:  
unlikely a neutron star

• H-alpha line velocities 
relative to nucleus and 
rotational velocity suggest it 
may the stripped down 
remnant of a dwarf galaxy, 
i.e. a galactic nucleus at the 
low mass end

Figure 8

Bolometric disk luminosity versus the disk inner temperature for the BHB LMC X-3 (data from
Gierliński & Done 2004), and the two IMBH candidates, M82 X-1 (data from Feng & Kaaret 2009) and
ESO 243-49 HLX-1 (data from Servillat et al. 2011). The lowest dashed line represents a fit of the LMC
X-3 data to a Ldisk ∝ T 4

in relation. Each higher dashed line represents a factor of 100 increase in
luminosity corresponding to a mass increase of a factor of 10 at fixed Eddington ratio, black hole spin, and
disk inclination.

There is a break in the XLF of star-forming galaxies at (1–2)×1040 erg s−1 (Section 1.1). Objects

at higher luminosities, HLXs, appear to be a separate class (Swartz et al. 2011). HLXs are candidate

IMBHs because their extremely high luminosity is difficult to explain by super-Eddington accretion
onto stellar mass black holes. We note that HLXs are rare in the local universe, see searches based

on Chandra (Gao et al. 2003; Gong, Liu & Maccarone 2016) and XMM-Newton (Sutton et al. 2012;

Zolotukhin et al. 2016) data. Contamination by foreground stars and background AGN is severe for
HLX catalogs, reaching ∼70% (Zolotukhin et al. 2016); optical observations are needed to remove

interlopers (e.g., Sutton et al. 2015).

6.1. ESO 243-49 HLX-1

ESO 243-49 HLX-1 has an extremely high luminosity, peaked above 1042 erg s−1 and is well removed

from the nucleus of the host galaxy ESO 243-49 (Farrell et al. 2009). The source makes transitions

from the hard state to the thermal state, as seen in GBHBs. Servillat et al. (2011) found that the
disk emission follows the Ldisk ∝ T 4

in relation, indicative of a standard accretion disk (Section 1.2),

see Fig. 8. The lowest dashed line in the figure is a fit of data for the BHB LMC X-3 to a

Ldisk ∝ T 4
in relation (Gierliński & Done 2004). The black hole in LMC X-3 has a mass of 7.0±0.6M⊙

(Orosz et al. 2014), a low spin consistent with zero (Steiner et al. 2014), and the luminosities in

the plot range from 0.07 to 0.6LEdd. The disk luminosity at fixed Eddington ratio scales as
Ldisk ∝ α2M2T 4

in where α = 1 for a non-rotating black hole and α = 1/6 for a maximally spinning

one and M is the black hole mass (Makishima et al. 2000). If ESO 243-49 HLX-1 was in the thermal

state during the observations, then its mass is roughly 2000× that of LMC X-3. However, the disk
luminosity can vary by a factor of 36 between a non-spinning and a maximally spinning black hole

www.annualreviews.org • Ultraluminous X-Ray Sources 29
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 HLX-1

• ATCA Images of HLX-1

• Clear variability in the radio band consistent with compact jet 
emission

Webb et al. 2014; Cseh et al. 2014 

Figure 2: Left: 5 and 9 GHz combined radio observations (contours: -3, 3, 4, 5, 6, 7, 8, 9,
10, 15, 20, 25 times the 1 σ rms noise level (5.6 µJy/beam)) using the radio data taken on
the 13th September 2010, 31st August 2011, 3rd and 4th September 2011 with the ATCA and
superimposed on an I-band Hubble Space telescope image of ESO 243-49 (inverted colour
map). The beam size is shown in the bottom left hand corner. The galaxy, ESO 243-49, is
clearly detected in radio. A 8 σ point source falls at RA = 01h10m28.28s and declination =
-46◦04’22.3” (1 σ error on the position of RA=0.43” and dec.=0.67”), well within the 0.3”
Chandra error circle of HLX-1. Right: 5 and 9 GHz combined radio observations (contours:
-3, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 25 times the 1 σ rms noise level (7.0 µJy/beam)) made from
the 3rd December 2010, 25th August 2011 and 1st September 2011 ATCA observations and
superimposed on the same I-band Hubble Space telescope image of ESO 243-49. The galaxy
ESO 243-49 is again clearly detected, but no source is found within the Chandra error circle.
Again the beam size is shown in the bottom left hand corner.

used for the phase and antenna gain calibration. For each observation, we observed 1934-638

for 10 min and the phase calibrator was observed every 15 min.

The data reduction and analysis was performed with the Multichannel Image Reconstruc-

tion, Image Analysis and Display (MIRIAD) software (33). We loaded the data into MIRIAD

using the ATLOD task with options birdie, xycorr, rfiflag, and noauto, which flags out the chan-

nels affected by self-interference, correcting the phase difference between the X and Y chan-

nels, discarding any autocorrelation data, and automatically flagging out frequency bands that

are known to be heavily affected by Radio Frequency Interference (RFI). The standard data re-

duction steps were flagging, bandpass, phase and amplitude calibration, following the MIRIAD
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In the context of unification this can be viewed as a small supermassive black hole if it is the 
remaining nucleus of a dwarf galaxy
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objects
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The aim
• Empirical model for discs and 

jets as a function of accretion 
rate

• Clear spectral states

• Can this picture be scaled to 
other non-magnetic source 
classes?

• These phenomena are created 
inside a small radius of ~100 
RG

• scaling may be possible

Körding                                                  Part B1     DynamicAccretion 

Tidal Disruption Events 
In TDEs, a star is tidally disrupted once it gets inside the tidal radius of a supermassive black hole. This tidal 
radius depends strongly on the mass of the black hole and the size of the star. Once a TDE occurs, the 
fallback rate should follow a characteristic slope decaying with time t as t-5/3 (see e.g. Rees 1988).  
In recent years, a growing number of TDE events have been detected in the X-rays as well as the optical and 
UV bands (for a review see Komossa 2015). X-ray selected TDEs all seem to have a peak luminosity of up 
to a few 1044 erg/s and effective temperatures around Teff = 105 K. The host galaxies seem to harbour a 
supermassive black hole with masses around 106-8 Msun (e.g., Komossa & Bade 1999). Their analysis shows 
that the sources seem to follow the characteristic decay law predicted by Rees 1988.  
The crucial question is how and when an accretion disc forms from the disrupted star. The classical model 
for TDE emission relies on the circularisation of the bound debris as it falls back to the black hole (Rees 
1988, Phinney 1989). The circularisation stems from self-collision of the debris stream due to relativistic 
precession at the pericenter. These models can well explain the observed light-curves of X-ray selected TDE 
events. However, there seems to be a difference between these X-ray selected TDE events and optically 
selected events (see Fig 2). The latter seem to have an order of magnitude lower effective temperatures and 
luminosities (e.g., Komossa 2015).  
Several models have been built to explain these discrepancies. There are mainly two types of models 
explaining optically selected TDEs: In the first class of models, the optical emission arises from a shell of 
gas surrounding the central source. Centrally produced X-ray emission would be reprocessed in this gas 
shell, producing the observed optical emission (e.g., Loeb & Ulmer 1997, Strubbe & Quataert 2009; Lodato 
& Rossi 2011).  The second class of models was suggested by Pirian et al (2015). In this class of models, the 
optical emission would come from the energy dissipation associated with the circularisation process and 
would be produced by shocks where the accretion stream intersects with itself at radii larger than the 
pericenter radius. This would give rise to the sometimes observed characteristic time dependence of t-5/3, as 
the associated luminosity relates to the debris fallback rate (e.g. Arcavi et al. 2014).  
With high cadence optical light-curves, it is possible to distinguish between reprocessed X-ray emission from 
the accretion flow and optical emission arising from shocks in the accretion stream. In the first class of 
models, reprocessed X-ray emission from the accretion disc should show red noise variability as usually 
found in all accreting systems (see e.g., Koerding et al. 2007, Mushotzky et al 2011). In addition, other 
correlations like the RMS-flux relation should be found if the optical emission arises from accretion. In the 
second class of models, the optical emission should not show the normal signatures of accretion disc 
variability. Instead, the accretion stream moves around the black hole on orbits, thus one should be able to 
see positive peaks in the auto-correlation for lags corresponding 
to the orbital period of the orbit. By using optical timing 
techniques, it will thus be possible to measure which of the 
proposed models is correct.  
While in the optical domain it is disputed where the emission 
originates from, all these models agree that any possible X-ray 
emission would originate from an accretion disc that forms 
once the accretion stream is circularised. 
For roughly one in ten TDEs one has detected radio emission, 
which may originate either in a relativistic jet or in a mildly 
relativistic quasi-spherical outflow. These two possibilities 
correspond roughly to the two types of models for creating the 
initial circularisation. 
It should be noted that very few TDEs have been continuously 
monitored in the radio. From studies of X-ray binaries (XRBs), 
it is known that accreting black holes have highly variable radio 
emission, so it is crucial that one observes at the correct times 
(see e.g. Koerding et al. 2008). It may thus be that most TDEs 
would show radio emission if one looked deep enough (van 
Velzen et al. 2016) and at the correct times.  
Steady state accretion vs dynamic accretion 
Powerful accreting systems are not only found in supermassive 
black holes. Stellar mass black holes in binary systems also 
show accretion discs, jets and winds. The black hole masses of 
these stellar systems are roughly one million times smaller than 
those in the centres of galaxies. In these smaller systems one 

Fig. 2: Hardness intensity diagrams are 
used to study the evolution of XRBs 
(from Fender, Gallo 2014). A source 
moves through the different accretion 
states. We will construct such a diagram 
for a single AGN. 

2 Rob Fender, Elena Gallo

Fig. 1 A qualitative summary of the relation between accretion states and outflows in black
hole X-ray binaries. The upper panel represents the relation between X-ray spectral hardness
and luminosity, and the path A-B-C-D-E-F represents the path taken by the recurrently-
outbursting binary GX 339-4 over the course of about one year. Hard states (to the right) are
well-studied and show quasi-steady radio jets. Soft states (to the left) appear to have no radio
jets but strong accretion disc winds. Transitions between the states, at least at high luminosity
(e.g. B-C-D), appear to be associated with discrete jet ejection events. From Fender & Belloni
(2012), where a concise summary of the cycle can be found.

Fender, Gallo 2014; Talk by Rob



Neutron stars: Aql X-1

• Aql X-1 similar HID 
compared to BH XRBs

• Similarities for NS and BH 
XRBs not too surprising as 
stellar radius same order of 
magnitude as ISCO of a 
corresponding BH

The disc-jet coupling in Aql X-1 7
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Figure 5. The cumulative HID for all the outbursts of Aql X-1
observed with the PCA/RXTE between 1997–2008. A hysteresis
phenomenon is clearly at work in Aql X-1. The hardness is the
ratio of the count rates in the PCA bands 9.7–16.0 keV and 6.0–
9.7 keV. Superimposed (see section 7 for details) is the “jet line”
of e.g. Fender et al. (2004).

Three major flares have been relatively well sampled and the
corresponding hard to soft transitions in Fig. 5 are there-
fore not observationally biased. This phenomenon of hys-
teresis has been seen in BHXRBs (e.g. Rodriguez et al. 2003;
Rossi et al. 2004; Belloni et al. 2005; Dunn et al. 2008) sug-
gesting a common origin for the state transitions in NSXRBs
and BHXRBs. In Fig. 5 the hard to soft transitions might
appear to be significantly quicker than the soft to hard ones.
This is an artifact due to the adding of the data together
as some minor outbursts also follow tracks in the region be-
tween 0.01–0.10 Crab. Whether or not they trace a scaled
down version of the large-scale diagram is not clear, but
the superposition creates a region with a higher density of
points, which could falsely be interpreted as symptoms of
slower soft to hard transitions.

5 COLOUR–COLOUR DIAGRAMS

The colour-colour diagrams (CCDs) for the three out-
burst studied here in detail are shown in Fig. 6. The system
is tracing the CCDs clockwise.

Already in Fig. 6 the CCD for the three outbursts hints
that Aql X-1 seems to spend most of the time in two main X-
ray states during the active periods: a harder state roughly
with HC>0.9, and a softer state with HC<0.6 and a nar-
rower interval of variation of SC. This is clearly confirmed
by the CCD for all the outbursts observed with the PCA
between 1997-2008 (Fig. 7). Besides the two main X-ray
states, a transitional one is now evident, linking the two.
This CCD is, not surprisingly, entirely consistent with the
CCD built by Reig et al. (2004) with all the PCA data be-
tween 1997–2002 (note that we averaged the data over each
observation). Following these authors and the nomenclature
for atoll sources, we have identified the harder X-ray state

as the EIS, the softer one as the BS and the transitional
state in between as the IS.

An almost complete cycle in the CCD was traced during
the outburst in 2004 May–June (Fig. 6, bottom-left). Before
the flare the system was in the EIS. As the count rate in the
HEXTE band started to decline, the PCA intensity went
up triggering a fast jump of the system to the BS. Aql X-1
stayed in this X-ray state for about 10 days and then, again
relatively suddenly, within a couple of days, returned to the
EIS via the IS. This kind of behaviour seems to be typical
for many of the outbursts of Aql X-1 (see also Reig et al.
2004 who analyze in some detail different outbursts than we
do here). Although some outbursts do not undergo a full
cycle in the CCD, like the one on 2005 April (Fig. 6, upper-
right), they do follow the same general trend in the CCD.
The general pattern is the following: right before the onset of
a major outburst in the PCA band the system is in the left
side of the EIS, migrates towards the right side of the EIS
and as the PCA intensity increases considerably it jumps
suddenly to the BS. Here, moving towards its leftmost side
(sometimes with excursions back to the right side), the peak
of the PCA intensity is reached. Then, as the PCA intensity
decreases the system jumps back to the EIS, passing quickly
through the IS.

6 CORRELATIONS

Although established only for a limited sample of objects,
a correlation seems to exist, extending over many orders
of magnitude, between the X-ray and radio emissions of
BHXRBs in the low-hard X-ray state (Corbel et al. 2003,
2008; Gallo et al. 2003, 2006). Recent evidence (Xue & Cui
2007; Gallo 2007) suggests that this correlation is not univer-
sal. More observations are definitely needed in order to settle
the issue since given the relatively sparse nature of the data
(particularly in the radio band) a confident conclusion can-
not be reached at the moment. In the case of NSXRBs the
situation is no better due to the fact that most of them sys-
tematically show weaker radio emission than BHXRBs (e.g.
Fender & Kuulkers 2001). However, a correlation between
the radio and X-ray emission has also been found for some of
these objects in certain X-ray states, in particular the atoll
source 4U 1728-34 (Migliari et al. 2003; Migliari & Fender
2006).

For Aql X-1 we have found indications in the data that
also for this object a correlation seems to exist between the
radio and X-ray bands. Given the small number of obser-
vations under consideration this should be taken as tenta-
tive only, subject to confirmation or refutation when more
data will be available (particularly in the radio band). Fig.
8 shows the radio flux density versus the PCA X-ray flux
for Aql X-1 (data from Tables 1 and 2). When the system
was in the EIS, the 8.4 GHz data (3 points only) reveal that
the radio and X-ray bands have a positive correlation with
a correlation coefficient of 0.78. The slope of the correlation
function is α=0.29 ± 0.23 (Fradio ∝ F α

X). Here and further
on, the errors on the correlation function are standard errors
of the regression fit. When considering only the 4.9 GHz data
in the EIS (2 points only) the slope becomes 0.30. Taking

Tudose et al. 2009



NS show relativistic jets

• Radio jets imaged: from mas 
scale to arc minutes, 

• from compact jet 
(albeit not stable) to 
ejections events

• Superluminal components

• Very similar behaviour as 
seen in black hole XRBs 

Resolved au-scale radio jets in Circinus X-1 3

(a) First half of the observations (rms noise
1.51mJy beam−1). Total flux density of the jet inside
the 3σ contour is 146 ± 14mJy.

(b) Second half of the observations (rms noise
0.75mJy beam−1). Total flux density of the jet inside
the 3σ contour is 104± 8mJy.

Figure 2. LBA images of Cir X-1 on 2010 July 28. Contours for both images are at ±3 × (
√
2)n times the rms noise level, where

n = 0, 1, 2, .... The colour bar shows the radio brightness in units of mJy beam−1, with the scale being the same for both images.
Restoring beam size is 3.4 × 2.9mas2 in P.A. −69.1◦. The source is resolved into a continuous jet, which expands from an extent of
9.3mas to 19mas between the two halves of the observing run.

To evaluate the effects of the changing source flux den-
sity and morphology combined with our relatively sparse
uv-coverage, we performed some simulations within aips.
We subtracted the clean components from our best image
(Fig. 2) in the uv-plane, and then added various source mod-
els back in to the uv-data. A decaying point source at the
phase centre as seen on the ATCA-Mopra baseline could
not reproduce the symmetric extended structure along the
observed position angle. We therefore conclude that the ob-
served structure is not an artifact caused by amplitude errors
combined with limited uv-coverage. Adding a second, non-
varying component along the position angle of our observed
jet showed that we could not reproduce the observed sym-
metric structure with an asymmetric, one-sided jet model.
Adding instead a single, ballistically moving jet component
created a one-sided, smooth jet, with a reduced surface
brightness owing to the smoothing of the emission along the
component trajectory, and a slightly curved jet locus (as
also found by Tingay et al. 1995). Artifacts also appeared
as stripes parallel to the jet trajectory, reminiscent of the
noise structure in Fig. 2(a). From these simulations, we con-
clude that while the relatively continuous appearance of the
jets could be created by discrete, moving components, the
symmetric profile we observe is real, as it cannot be repro-
duced using any one-sided source model. The reality of the
symmetric structure in the first half of the observations is
also demonstrated by the flat and zeroed phases of the uv-
data when projected along the jet axis (Fig. 3). Some slight
asymmetry on scales of 7–10mas is visible in the second half.

Finally, we tested whether the extra components seen
in Fig 2(b) could have been detected with the uv-coverage
available in the first half of the observations. Substituting
in the uv-plane the clean components of Fig. 2(b) for those
of Fig. 2(a), we found that the extra emitting components,

if present in the first part of the observations, would have
been clearly visible in the images. Either the jets have moved
outwards between the two halves of the observation, or new
components have become visible, via energisation of the elec-
trons or amplification of the magnetic field.

The observed jets are elongated along a position angle
112◦ E of N, in good agreement with the position angle of
the arcsecond-scale jets detected in both the radio and X-
ray bands. Fender et al. (1998) derived a position angle of
110 ± 10◦ for the extended arcsecond-scale radio emission,
although Tudose et al. (2008) found this position angle to
vary between epochs, with a mean of 129 ± 13◦, although
there was no unequivocal evidence for precession. The deep-
est X-ray images (Sell et al. 2010) show unresolved emission
at a position angle 140◦ E of N, and extended diffuse emis-
sion from 95–155◦ at a distance of 20–50′′ from the core.
From the slightly different orientations seen on different an-
gular scales, Calvelo et al. (2011) suggested either a varying
degree of precession with time or bends in the jet.

We find no evidence for angular broadening of the radio
emission, as reported by Phillips et al. (2007) at the lower
frequency of 1.6GHz. Their measured angular size of 60 ±

15mas, scaled by the expected λ
2.2 dependence corresponds

to 1.6± 0.4mas at our observing frequency of 8.4GHz, well
below our beam size of 3.4× 2.9mas2.

4 DISCUSSION

4.1 Morphology

The symmetry of the jets is initially reminiscent of the com-
pact jets observed in the hard state of the black hole sys-
tem GRS1915+105 (Dhawan, Mirabel & Rodŕıguez 2000),
although we note several caveats to this interpretation. The

c⃝ 2011 RAS, MNRAS 000, 1–5

Miller-Jones et al. 2011; Fender et al. 1998; Fender et al. 2004 + many others
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Collimated relativistic outflows—also known as jets—are
amongst the most energetic phenomena in the Universe. They
are associated with supermassive black holes in distant active
galactic nuclei1, accreting stellar-mass black holes and neutron
stars in binary systems2 and are believed to be responsible
for g-ray bursts3. The physics of these jets, however, remains

something of amystery in that their bulk velocities, compositions
and energetics remain poorly determined. Here we report the
discovery of an ultra-relativistic outflow from a neutron star
accreting gas within a binary stellar system. The velocity of the
outflow is comparable to the fastest-moving flows observed from
active galactic nuclei, and its strength is modulated by the rate of
accretion of material onto the neutron star. Shocks are energized
further downstream in the flow, which are themselves moving at
mildly relativistic bulk velocities and are the sites of the observed
synchrotron emission from the jet. We conclude that the genera-
tion of highly relativistic outflows does not require properties
that are unique to black holes, such as an event horizon.

Circinus X-1 is a bright and highly variable X-ray source,
containing a stellar-mass compact object accreting from a binary
companion star. X-ray dips and outbursts with a period of 16.6 days
are most readily interpreted as enhanced accretion during peri-
astron passage of the accreting object in a significantly elliptical
binary orbit4,5. Observations of type I X-ray bursts indicate that the
accreting object is a neutron star6. In the 1970s Cir X-1 was also
associated with bright radio outbursts7,8. Since then, there has been
a decline in the strength of the radio counterpart, which has been
found to reside within an extended radio nebula9. Structures on
arcminute scales have been imaged within this nebula10, and more
recently a one-sided jet on arcsecond scales, which aligns with the
larger structures, has been discovered11.

Bright radio flares associated with the production of a relativistic,
jet are now established to be a common property of accreting black

Figure 1 An ultrarelativistic outflow: sequences of radio observations of Circinus X-1 in

October 2000, May 2001 and December 2002. At each epoch, observations were made

simultaneously at 4.8 and 8.6 GHz. Tickmarks indicate time steps of one day; the blue

bars indicate the time of the X-ray flaring as observed by the Rossi X-ray Timing Explorer

All-Sky monitor. In October 2000 and May 2001 the observations were spaced every

two days; in December 2002 they were spaced daily. At each epoch the u–u coverage of

the radio observations is identical for each image: maps in October 2000 and May 2001

are ‘uniformly weighted’ and those in December 2002 are ‘naturally weighted’. The

crosses indicate the location of the binary ‘core’ from ref. 11, and their size is proportional

to the ‘core’ radio flux density. The observations reveal that after the X-ray flaring the

extended radio structure brightens on timescales of days. The apparent velocities

associated with this expansion are $15c, indicating an underlying ultrarelativistic flow.
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Radio/X-ray correlation
• Radio/X-ray 

correlation found in 
NSs and BH systems. 

• NSs seem to show 
less radio emission 
for a given X-ray flux

• Some NS XRBs may 
show a similar 
correlation index 
than BHs. How is this 
possible? 

Neutron star jets 11

Figure 6. Radio and X-ray luminosities of low-mass X-ray binaries. The black dashed line represents the radio–X-ray correlation of
accreting black holes (� = 0.6; Gallo et al. 2014), and the three dotted lines are the proposed relations for tMSPs (� = 0.6; Deller et al.
2015), non-pulsating neutron stars (NS) regardless of spectral state (� = 0.7), and hard-state neutron stars only (� = 1.4; Migliari & Fender
2006; Migliari et al. 2011). Hollow symbols indicate upper limits. The upper limits from the previous outbursts of IGRJ00291+5934 are
not plotted for better visibility.

than non-pulsating sources, IGRJ17511–3057 would then be
a clear example that this rule does not hold for all AMXPs.
Since IGRJ17511–3057 has a similar spin (⌫ = 245Hz)
and magnetic field strength (B ⇡ 108 G) to other AMXPs
(Mukherjee et al. 2015), it appears that the magnitude of
the spin and magnetic field are not the only properties that
produce strong jets in the other AMXPs and tMSPs, and
that other factors, as yet unidentified, could be at least as
important.

5.3 SAXJ1808.4–3658

The atypical radio behaviour of SAXJ1808.4–3658 might
be interpreted in a variety of ways, which we explore below.
Throughout this section, we refer to our radio epochs as A–
G, as labelled in Fig. 3. Of these, we refer to those epochs
that are close to the proposed radio/X-ray correlation for
tMSPs as “radio-loud” (our observations D, E, F, and the
detection by Gaensler et al. 1999).

5.3.1 Insu�cient light curve sampling

Sparse X-ray coverage could be invoked to explain the ap-
parent high radio luminosity of the radio-loud epochs, and
their deviation from the proposed radio/X-ray tracks for

neutron stars. For example, Swift/XRT observations might
have missed an X-ray reflare coincident with the radio re-
flare of observation F. The X-ray reflares can last as little as
⇡ 0.3 days (Wijnands et al. 2001). In comparison, the two
Swift/XRT observations adjacent to the radio reflare (ob-
servation F) are separated by ⇡ 3 days. We therefore exam-
ine hard X-ray (Swift/BAT, 15–50 keV) and optical (LCO)
light curves for evidence of flares or dips of other wavebands
at the times of the radio observations. We find the optical
and soft X-ray fluxes in SAXJ1808.4–3558 track each other
well during the outburst (Fig. 3; a full description of the
optical–X-ray correlation will be presented in Bernardini et
al.), similar to previous outbursts (Patruno et al. 2016b).
In previous outbursts, however, the X-ray lagged the opti-
cal emission by 1.5–4 days (Giles et al. 1999; Patruno et al.
2016b), and the optical and X-ray fluxes during some re-
flares were anti-correlated or uncorrelated (Wijnands 2006;
Patruno et al. 2016b). Given the lack of Swift/XRT data,
we therefore look for evidence of reflares primarily in the
Swift/BAT light curve.

For radio observations D, E, F, the optical and hard
X-ray light curves do not show evidence of reflares (with
the previously described caveat of possible uncorrelated
X-ray/optical behaviour). In addition, observation E was
probably carried out at the end of a stable X-ray de-
cay (as shown by the preceding Swift/XRT observations,

MNRAS 000, 1–18 (2017)

Tudor et al. 2017

The hard state branch might still be the main 
branch for well behaved “hard” state NS XRBs, 
see poster by Nina Gusinskaia



XRB Monitoring of the neutron 
star Aql X-1

• Radio jet quenched when going into the 
hard state as in black holes

Miller-Jones et al, 2010



Jet quenching IIJet quenching in 1RXS J180408.9�342058 3

Figure 1. X-ray (1 � 10 keV) luminosity versus radio (5GHz) luminosity for BH- and NS-LMXBs. The grey shaded area indicates the
region of the parameter space that is e↵ectively inaccessible given the sensitivity of current radio telescopes (15 µJy for ⇠ 1 h integration
time) for sources at a typical distance of ⇠ 5 kpc (note that tMSP PSR J1023+0038, the lowest triangle, is exceptionally close at only
1.3 kpc, which is why it is the only system detected in this region). Circles represent BH-LMXBs; pentagons represent Z-type NS-LMXBs,
squares represent Atoll-type NS-LMXBs, and for these we give individual names. Triangles represent tMSPs and stars represent AMXPs.
J1804 is represented by red diamonds. Filled symbols represent hard X-ray state observations; open symbols represent soft state X-ray
observations. For the single cyan point marked with ‘?’, it is unclear whether this observation was truly in the soft state. The black
dashed line represents the radiatively ine�cient LR / L�

X track of BH-LMXBs, with � ⇡ 0.6. The dark blue dashed line represents
the tentative � ⇡0.6 tMSP track proposed by Deller et al. (2015a). The dark green dotted line represents the � ⇡0.7 track derived
for Aql X-1 by Tudose et al. (2009) and Miller-Jones et al. (2010). The cyan dash-dotted line represents the � ⇡1.4 track derived for
4U1728�34 by Migliari et al. (2003). Data points are taken from: Coriat et al. (2012) for BHs in the hard X-ray state; Coriat et al. (2011)
for H1743�322 and most of the BHs in the soft X-ray state; Gierliński et al. (2001) and Russell et al. (2011) for the two lowest upper
limits of BHs in the soft state; Migliari & Fender (2006) for Z-type NSs; Tudose et al. (2009) and Miller-Jones et al. (2010) for Aql X-1;
Migliari et al. (2003) for 4U1728�34; Migliari et al. (2004) for 4U1820�30 and Ser X-1; Moore et al. (2000) and Kuulkers et al. (2003)
for MXB 1730�335; Migliari (2011) for GX 9+9; Tetarenko et al. (2016) for EXO 1745�248; Deller et al. (2015a), Hill et al. (2011) and
Papitto et al. (2013) for tMSPs; Migliari et al. (2005) for 4U1608�52, 4U0614�09 and the AMXPs.

Migliari 2011). To date, only two NS-LMXBs have been ob-
served simultaneously in the X-ray and radio bands dur-
ing both hard and soft X-ray states: 4U1728�34 (Migliari
et al. 2003) and Aql X-1 (Tudose et al. 2009, Miller-Jones
et al. 2010). For 4U1728�34, only marginal evidence for
jet quenching was observed, while in Aql X-1 the jet was
quenched by at least one order of magnitude. Furthermore,
there are four systems which were observed at radio fre-
quencies only while in the soft state: 4U1820�30, Ser X-
1; (Migliari et al. 2004), MXB 1730�355; (Rutledge et al.
1998, Kuulkers et al. 2003) and GX 9+9 (Migliari 2011).
4U1820�30, Ser X-1 and MXB 1730�355 showed surpris-
ingly strong radio emission (if the assumed distance is accu-
rate), albeit at a slightly lower radio luminosity than other
hard-state NS-LMXBs (see Fig.1), while no radio emission

was detected for GX 9+9 (Migliari 2011). It is important
to note that in the case of Atoll-type NS-LMXBs there have
been many detections in the soft state (6 out of the 9 sys-
tems observed in the radio band), while in BH-LMXBs al-
most all radio observations in the soft state have provided
non-detections. Bearing in mind that NS-LMXBs tend to
be less radio loud than BH-LMXBs, the observed level of jet
quenching in NS-LMXBs seems to be less extreme than in
BH-LMXBs (Migliari & Fender 2006).

1.1 1RXS J180408.9�342058

1RXS J180408.9�342058 (hereafter J1804) was classified as
a NS-LMXB system on 16 April 2012 when INTEGRAL de-
tected a Type I X-ray burst from a previously unclassified

MNRAS 000, 1–11 (2017)

Gusinskaia et al. 2017 



Neutron star empirical 
model:
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Tidal Disruption Events 
In TDEs, a star is tidally disrupted once it gets inside the tidal radius of a supermassive black hole. This tidal 
radius depends strongly on the mass of the black hole and the size of the star. Once a TDE occurs, the 
fallback rate should follow a characteristic slope decaying with time t as t-5/3 (see e.g. Rees 1988).  
In recent years, a growing number of TDE events have been detected in the X-rays as well as the optical and 
UV bands (for a review see Komossa 2015). X-ray selected TDEs all seem to have a peak luminosity of up 
to a few 1044 erg/s and effective temperatures around Teff = 105 K. The host galaxies seem to harbour a 
supermassive black hole with masses around 106-8 Msun (e.g., Komossa & Bade 1999). Their analysis shows 
that the sources seem to follow the characteristic decay law predicted by Rees 1988.  
The crucial question is how and when an accretion disc forms from the disrupted star. The classical model 
for TDE emission relies on the circularisation of the bound debris as it falls back to the black hole (Rees 
1988, Phinney 1989). The circularisation stems from self-collision of the debris stream due to relativistic 
precession at the pericenter. These models can well explain the observed light-curves of X-ray selected TDE 
events. However, there seems to be a difference between these X-ray selected TDE events and optically 
selected events (see Fig 2). The latter seem to have an order of magnitude lower effective temperatures and 
luminosities (e.g., Komossa 2015).  
Several models have been built to explain these discrepancies. There are mainly two types of models 
explaining optically selected TDEs: In the first class of models, the optical emission arises from a shell of 
gas surrounding the central source. Centrally produced X-ray emission would be reprocessed in this gas 
shell, producing the observed optical emission (e.g., Loeb & Ulmer 1997, Strubbe & Quataert 2009; Lodato 
& Rossi 2011).  The second class of models was suggested by Pirian et al (2015). In this class of models, the 
optical emission would come from the energy dissipation associated with the circularisation process and 
would be produced by shocks where the accretion stream intersects with itself at radii larger than the 
pericenter radius. This would give rise to the sometimes observed characteristic time dependence of t-5/3, as 
the associated luminosity relates to the debris fallback rate (e.g. Arcavi et al. 2014).  
With high cadence optical light-curves, it is possible to distinguish between reprocessed X-ray emission from 
the accretion flow and optical emission arising from shocks in the accretion stream. In the first class of 
models, reprocessed X-ray emission from the accretion disc should show red noise variability as usually 
found in all accreting systems (see e.g., Koerding et al. 2007, Mushotzky et al 2011). In addition, other 
correlations like the RMS-flux relation should be found if the optical emission arises from accretion. In the 
second class of models, the optical emission should not show the normal signatures of accretion disc 
variability. Instead, the accretion stream moves around the black hole on orbits, thus one should be able to 
see positive peaks in the auto-correlation for lags corresponding 
to the orbital period of the orbit. By using optical timing 
techniques, it will thus be possible to measure which of the 
proposed models is correct.  
While in the optical domain it is disputed where the emission 
originates from, all these models agree that any possible X-ray 
emission would originate from an accretion disc that forms 
once the accretion stream is circularised. 
For roughly one in ten TDEs one has detected radio emission, 
which may originate either in a relativistic jet or in a mildly 
relativistic quasi-spherical outflow. These two possibilities 
correspond roughly to the two types of models for creating the 
initial circularisation. 
It should be noted that very few TDEs have been continuously 
monitored in the radio. From studies of X-ray binaries (XRBs), 
it is known that accreting black holes have highly variable radio 
emission, so it is crucial that one observes at the correct times 
(see e.g. Koerding et al. 2008). It may thus be that most TDEs 
would show radio emission if one looked deep enough (van 
Velzen et al. 2016) and at the correct times.  
Steady state accretion vs dynamic accretion 
Powerful accreting systems are not only found in supermassive 
black holes. Stellar mass black holes in binary systems also 
show accretion discs, jets and winds. The black hole masses of 
these stellar systems are roughly one million times smaller than 
those in the centres of galaxies. In these smaller systems one 

Fig. 2: Hardness intensity diagrams are 
used to study the evolution of XRBs 
(from Fender, Gallo 2014). A source 
moves through the different accretion 
states. We will construct such a diagram 
for a single AGN. 

2 Rob Fender, Elena Gallo

Fig. 1 A qualitative summary of the relation between accretion states and outflows in black
hole X-ray binaries. The upper panel represents the relation between X-ray spectral hardness
and luminosity, and the path A-B-C-D-E-F represents the path taken by the recurrently-
outbursting binary GX 339-4 over the course of about one year. Hard states (to the right) are
well-studied and show quasi-steady radio jets. Soft states (to the left) appear to have no radio
jets but strong accretion disc winds. Transitions between the states, at least at high luminosity
(e.g. B-C-D), appear to be associated with discrete jet ejection events. From Fender & Belloni
(2012), where a concise summary of the cycle can be found.

Fender, Gallo 2014; Talk by Rob

• Similar HID

• Jet coupling seems 
similar; maybe less 
quenching in some 
sources

• Hard state scaling can 
be understood

• BH like XRBs: ADIOS 
type discs?



Black holes: No hair theorem
A black holes only has

• Mass

• Spin

• Charge 

• Changes over 8 orders of magnitude

• Changes energetics by a factor 6

• Energetically minor importance

• Not important



Mass scaling
• Often one sets GM=1 and 

expresses densities in 
fractions of BH mass, time 
also measured in M

• Without radiative transfer 
and microphysics accreting 
discs are basically scale 
invariant

• Theory expects that accreting 
BHs are scale invariant in first 
order approximation  

S. Dibi based on Harm2D, Gammie et al. 2003
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• In AGN one observes shorter dynamical timescales (relative to BH mass) than in 
XRBs

• XRBs and AGN probe different regions in the parameter space of accreting black 
holes



Markowitz et al. 2002

Power spectral densities 



Timescales as a function 

Uttley, McHardy et al
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l
2

M
go

L

Figure 2. Left side: Our sample of stellar BHs. For Cyg X-1 we plot �hb, while we show �l for the other objects. The lines indicate
�l ⇥ ṀM�2. While the upper line is a fit to soft-state objects (including AGN, see McHardy et al. (2006)), the lower is a fit to the
hard-state XRBs only. Right side: Same as left side, but here we plot stellar and supermassive objects. In both panels soft-state and IMS
objects are plotted with open symbols.
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Figure 3. Left panel: NSs with measured �l in comparison with our stellar BH sample. The NS sample seems to follow the correlation,
albeit with larger scatter. The upper line shows the correlation normalized to soft-state objects while the lower line is normalized for
hard-state objects. Right panel: Inclusion of kHz QPOs of Z sources. While the kHz QPOs of Z sources are near the correlation this is
not true for kHz QPOs of atoll sources. See text for a detailed discussion.

3.1 Stellar black holes

On the left side of Fig. 2, we show the projection of the
variability plane ”zoomed-in” on our sample of stellar BHs.
For hard-state BHs we have argued that the frequency �l

of the lower high-frequency Lorentzian corresponds to the
high-frequency break �hb used for soft state. In Fig. 2 we
also plot our hard-state BH sample. Similar to the scaling
found in soft-state XRBs and AGN, we find that our hard-
state BHs follow a scaling �l ⇤ Ṁ . However, the constant
o�set is di�erent for hard and soft-state objects, and we also
show a plane normalized to the hard-state objects only. The
constant o�set between the soft and the hard state scaling
is �0.9 dex.

The uncertainties of the measured values shown in
Fig. 2 are dominated by systematic errors (e.g., uncertain-

ties in the accretion rate measure) as well as uncertainties
of the black hole mass and distance of the black holes. The
uncertainties of all measurements of one source are cou-
pled. Showing these coupled uncertainties as errorbars for
the data-points is therefore misleading. The error budget
consists of

• Uncertainties of the primary parameters �l and the ra-
dio or X-ray flux: These uncertainties are di�erent for each
data-point. A typical value is 6 0.04 dex

• Uncertainties in the BH mass and distance measure-
ments: These uncertainties are shared for all data-points of
a given source. Typical values are between 0.03 and 0.3 dex.
This component dominates the total error budget, especially
as they enter the variability plane quadratically and our two

c� 2007 RAS, MNRAS 000, 1–10

Connecting X-ray binaries and AGN:  
The variability plane

!  
!Accretion discs are scale 

invariant

McHardy, Körding et al. Nature 2006, Körding et al. 2007

Characteristic frequency

Accretion rate

Mass



Merloni et al. 2003, Falcke, Körding, Markoff 2004, 
Körding et al. 2006 
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Beyond the back of the 
envelope• Bayesian analysis of 

fundamental plane 
provides good 
constraints on fit 
parameters, small 
intrinsic uncertainty

• Fit parameters can be 
used to estimate the 
radiative efficiency of the 
X-ray emitting region

• Intrinsic scatter 0.07 dex 
to 0.11 dex Plotkin et al. 2012

Distinguishing X-ray Processes Using the Fundamental Plane 11
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Figure 5. Bayesian and Merit function regression coefficients for the contracted KFC subsample, compared to theoretical predictions for
the jet (squares) and RIAF/corona models (triangles for q=2.0; upside down triangles for q=2.3) from Equations 2 and 3. We separate
predicted FP coefficients for αR = −0.15 and 0.00 into different panels for clarity. The Bayesian regression of the contracted subsample
favors the jet synchrotron model. This figure appears in color in the online version of this article.

It is important to once again stress that our conclusion
favoring the synchrotron X-ray model applies specifically to
the case of low-accretion rate black holes with flat/inverted
radio jets. It is not appropriate to extrapolate this result to
higher accretion rate SMBHs, which likely have X-rays dom-
inated by emission from a corona. A similar study focusing
only on black holes at higher accretion rates is out of the
scope of this paper.

4 FITTING VERY MASSIVE BLACK HOLES

ONTO THE PLANE

Our re-analysis of the KFC sample shows that one must
overcome more systematics to obtain “X-ray” measurements
from the most massive accreting SMBHs (>≈ 108M⊙). In
this section, we shift our focus toward better understanding
and quantifying these systematics. As described below, the
inclusion of very massive SMBHs when regressing the FP
will not yield additional insight into X-ray radiative pro-
cesses from the lower mass black holes. However, many pre-
vious FP studies include AGN with very massive central
black holes, so an investigation focusing on potential biases
introduced by those AGN is extremely important.

We begin by removing the BL Lac objects from the
KFC sample and we replace them with a uniform sam-
ple of BL Lac objects from the Sloan Digital Sky Survey
(SDSS; York et al. 2000) with black hole mass estimates
(Plotkin et al. 2011). We then re-regress the FP with the
same Bayesian technique as in the previous section. We ex-
clude FR I galaxies in this section for the reasons described
in §3.5.1 (also see §4.1). The Bayesian regression technique
in conjunction with our recent and uniform SDSS BL Lac
sample affords the requisite sensitivity to finally perform a

rigorous study on biases introduced by the largest black hole
mass bin.

4.1 Why Use BL Lac Objects to Represent the

High-end of the Mass Spectrum?

First, it is important to reiterate the philosophical challenge
to including very massive black holes in FP studies. In the
previous section, we excluded the most massive KFC black
holes (i.e., FR I galaxies and BL Lac objects) from our dis-
cussion when attempting to determine the dominant X-ray
radiation mechanism. The reason is that, for lower mass
black holes, one can use real X-ray luminosities to differ-
entiate between the optically thin synchrotron and inverse
Compton scenarios. However, for the most massive black
holes, synchrotron emission in the X-ray waveband is gen-
erally radiatively cooled (or sometimes SSC/EC). So, even
“jet” dominated SEDs from very massive black holes will not
follow the theoretical predictions of Equation 2, if one uses
“real X-ray” data. However, if very massive black hole SEDs
are not jet dominated, then X-rays would still be sensitive
to inverse Compton emission and real X-ray data should be
used to place them on the FP. Thus, one must make an as-
sumption on the dominant radiative process from the most
massive black holes before deciding from which waveband to
estimate their “X-ray luminosities.” This a priori assump-
tion on the radiative mechanism then makes it impossible to
use the most massive black holes to diagnose the dominant
radiation mechanism from a statistical black hole sample
spanning the entire mass spectrum.8

8 Although theoretical FP coefficients for synchrotron cooled X-
rays are predicted by Heinz (2004), comparing observations to
those predictions presents a similar problem: observations in dif-
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Figure 8. Our best-fit FP for low-accretion rate black holes (the KFC+SDSS-HBL sample; 82 objects) using the Bayesian regression
algorithm and SED-based X-ray luminosities. The top panel shows the regression for beamed BL Lac objects, and the BL Lac objects
are debeamed in the bottom panel. FR I galaxies are shown for reference, but they are not included in the regression. This figure appears
in color in the online version of this article.

holes in the sample used by M03 all have LX > LX,crit.
M03 find a shallower FP regression for their more lumi-
nous accreting black holes [logLR ∼ (0.60+0.11

−0.11) logLX +
(0.78+0.11

−0.09) logMBH], which is consistent with the radio/X-
ray correlation for quiescent GBHs (i.e., logLR ∼ 0.7 logLX ;
Gallo et al. 2003). The conclusion of Yuan et al. (2009)
therefore supports Yuan & Cui (2005), that the radio/X-ray
correlation of quiescent black holes described in Gallo et al.
(2003) is due to the jet in the radio and inverse Compton in
the X-ray. However, below a critical luminosity, the radio/X-
ray correlation steepens as the X-ray emission instead be-
comes dominated by jet synchrotron.

The argument in Yuan & Cui (2005) for a steeper corre-
lation when LX < LX,crit assumes that jet X-ray emission

scales linearly with Ṁ . Then, LX,crit corresponds to the
critical accretion rate where jet X-rays start to outshine the
accretion flow (RIAF X-ray emission scales approximately
quadaratically with Ṁ). Their assumed jet X-ray depen-
dence, LX ∝ Ṁ , implies that the jet X-rays are synchrotron
cooled (see Heinz 2004). On the other hand, if jet emission
is still optically thin in the X-rays for GBHs, then LX ∼
Ṁ (17/12)+(2/3)αX (Markoff et al. 2003; F04). Then, optically
thin synchrotron can dominate over coronal emission in the
X-rays at higher values of LX/LEdd, and the Gallo et al.
(2003) correlation can be interpreted as predominantly op-
tically thin jet synchrotron X-rays. There is evidence that
the X-ray flux of the GBH XTE J1550-564 is 100% optically
thin jet synchrotron at LX ∼ 4 × 10−5 − 4 × 10−4 LEdd as

c⃝ 2011 RAS, MNRAS 000, 1–23



An optical fundamental plane 
• OIII/X-ray 

correlation allows 
construction of an 
optical FP

• One obtains the 
same FP

• FP is visible for 
AGN alone

• open FP studies to 
large samples

Saikia et al. MNRAS 2015



Projection perpendicular to the FP

• “compact” FIRST sources are in 
agreement with the FP + beaming

• LINERS are still significantly above 
the plane, albeit nearer to it

• Majority of sources between FP  
prediction expected lobe flux. I.e. 
at 1.4 GHz one predominantly 
measures extended emission

4.4 Discussion and conclusion

Figure 4.6: The distance of FIRST AGN sample (red), LINERs (yellow) and LLAGN (green)
from the fundamental plane (in dex), along with the theoretical estimation for po-
sition of the radio lobes (blue). For easy visualization of the subsamples that have
comparatively fewer sources, we show the mean position of every subsample in dashed
lines.

with the fundamental plane relation.

3. The LINERs lie slightly above the fundamental plane when 1.4 GHz radio flux is used. But
a combined fit of the LINERs with the LLAGN and the XRBs follows the trend of the
fundamental plane.

4. All the remaining sources in the FIRST sample are dominated by radio fluxes coming from
the lobe and other extended structures. They largely populate the are between the ‘core’
line and the estimated ‘lobe’ line on the fundamental plane.

Therefore, we conclude that the 1.4 GHz radio fluxes at FIRST resolution has contribution
from extended emission and lie between the radio fluxes expected from just the nuclear radio core
and the extended radio lobes.

4.4 Discussion and conclusion

In this paper, we used a SDSS-FIRST cross-correlated sample of 10149 active galaxies to study
the optical black hole fundamental plane relationship, and investigate whether the 1.4 GHz fluxes
trace the nuclear jet power. We used the 1.4 GHz radio luminosity from the VLA FIRST survey,
the [OIII] emission line luminosity derived from SDSS spectra and the black hole mass obtained
from stellar velocity dispersion. We showed that the active galaxies observed with the VLA at 1.4
GHz with FIRST/NVSS resolution have higher radio fluxes compared to what is expected from
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SDSS broad line quasars + low luminosity sample of Ho 

Koerding, Jester, Fender 2006

Generalised HID for AGN

See talk by Jiri Svoboda for a modern update!



Cataclysmic Variables

• Accreting white dwarfs 

• Dwarf novae : low average accretion rates

• Nova like stars: high average accretion rate



RMS flux relation

• The rms/flux relation found in BH and NS binaries is 
also present in accreting white dwarfs (Phil’s talk)

• there exists a non-linear coupling between the different 
frequencies 

• e.g. propagating fluctuations model (Lyubarskii 1997)

6

The main objective  of this proposed research is to bring white dwarfs into the unification 
models of accreting sources, and thereby assess the necessity of relativistic effects in jet 
launching. We will approach this objective from different angles:

Radio jets in CVs 
We will directly image radio jets in CVs and determine the  jet properties as a function of 
the outburst pattern, using new observational data from radio interferometers. So far, we 
have only studied a few individual CVs. Only now a systematic study of the  jet and 
accretion flow properties is possible, as only the recently upgraded radio telescopes 
(EVLA, ATCA, EVN, VLBA) can securely detect the weak radio flux. This should establish 
how white  dwarfs fit the picture seen in XRBs and AGN. Finally, we will also compare our 
findings for CVs with the observed jets in other white dwarf systems.

Timing properties of CVs
To probe the accretion flow in detail and to study the dynamics of the system, timing 
studies, i.e. the studies of detailed high-resolution light curves, have been successful for 
XRBs using high throughput X-ray observatories (Belloni et al. 2005, van der Klis 2006). 
For CVs one needs to  'translate' XRB energies and timescales. Due to the different radii 
of CVs and XRBs, the observing frequency of the emission components is different. For 
example, for XRBs the accretion disc is visible in the X-rays, while for CVs it is visible in 
the optical/ultra-violet range. Thus, in CVs we expect the same timing effects seen in 
XRBs at optical energies and at longer time scales. It is only now that the Kepler 
observatory can give very high quality, long term optical light curves of CVs.

We have obtained first results using this approach. The well known rms-flux relation 
found in accreting black holes (e.g., Uttley & McHardy 2001) could be identified for the 
first time in a CV (Fig. 4, to be published as Scaringi, Körding et al.). This indicates that 
the mechanism creating the  variability of XRBs and CVs is very similar and immediately 
rules out any relativistic explanations. It also constrains those explantations involving a 
thick corona as a source of the flickering (see Lyubarskii 1997, Uttley et al. 2011). 

In the proposed research, we will use the timing methods developed for XRBs in the 
context of CVs. This opens a new window of study and allows us to establish scaling 
relations between white dwarfs and XRBs.

Integrating CVs in a unified model of accreting objects 
As outlined above, it is  now possible  to use the  techniques and tools developed for XRBs 
for CV research, which will allow for a direct comparison between CVs and XRBs. In order 
to analyse the relationship between CVs and XRBs in a systematic way, we will use a 
comprehensive XRB database, which will also  be developed further in the  process. With 
new data and insights regarding CVs and their comparison with XRBs, we will develop a 

Vernieuwingsimpuls/Innovational Research Incentives Scheme 
Grant application form 2011  Vidi scheme

Fig. 4: rms-flux (rms = root mean square) relation of a black hole XRB, a neutron star 
XRB (Uttley, McHardy 2001) and the CV MV Lyr (Scaringi, Körding et al. in prep). 
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Power spectral density

Scarinigi, et al. 2012

1042 K. Pottschmidt et al.: Long term variability of Cygnus X–1. I.

Table 2. Results of fitting multiple Lorentzians to selected power spectra of the Cyg X–1 RXTE/PCAmonitoring observations from 1998–2001
in the frequency range from (1/512) Hz to 32Hz (P30157) or 128 Hz (others), for the 2–13 keV band (Table 1). The table is available in
electronic form at http://www.edpsciences.org. Apart from the fit results, it contains the following information for each observation:
running number, proposal name (e.g., “P40099”), sub-ID within the proposal, PCUs turned o↵, date of the observation, and the exposure time
in ks. The fit results for each observation are organized as follows: for each of the possible four broad and three thin Lorentzians the norm (R),
central frequency ( f ), and quality factor (Q) with their corresponding uncertainties are listed. In addition the power law normalization (A) and
slope (↵) are given if present in the model. Finally, the �2/d.o.f. and �2red values of the fit are listed.
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Fig. 1. a) Best fit (solid line) to a typical 0.002–128 Hz hard state
power spectrum of Cyg X–1 (P40099/18, 14o↵, 1999 September 13,
diamonds) using multiple Lorentzians. The fit was performed for the
energy range from ⇠2 to 13.1 keV. It includes four broad (dashed lines)
plus two narrow (dash-dotted lines) Lorentzian profiles and a power
law component (dotted line). b) The same as above but here the PSD
has been multiplied by frequency to illustrate the peak frequencies of
the broad noise components (see Sect. 4 for a discussion of the impor-
tance of these frequencies). c) Residuals between data and model in
units of the standard deviation of the PSD data.

variability of Cyg X–1 and GX 339�4 in the 0.001–100Hz
range. Inspired by this success, we applied multiple Lorentzian
profiles to model the PSDs from our monitoring campaign and
generally obtained good fits (see Table 2 and the typical exam-
ples displayed in Figs. 1 and 2). Note that power spectra ob-
tained during the soft state, e.g., during the 1996 soft state, are
not well fit with the multi-Lorentzian model (see also Sect. 3.2
below). Our fitting approach uses standard �2 minimization
with the uncertainty of the free fit parameters determined using
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Fig. 2. a–c) Another typical fit, in this case to one of the P30157 ob-
servations (No. 11, 1998 February 20) in the 0.002–32 Hz frequency
range. The best fit consists of four broad and one narrow Lorentzian
profiles.

the usual prescription of Lampton et al. (1976). Unless noted
otherwise, we give the uncertainty in terms of 1� errors.

We describe the power spectra as the sum of Lorentzian
profiles of the form

Li( f ) = ⇡�1
2R2i Qi fi

fi2 + 4Q2i ( f � fi)2
(1)

where fi is the resonance frequency of the Lorentzian, Qi ⇠
fi/� fi,FWHM its quality factor2, and Ri its normalization con-
stant. Note that our definition of Q is consistent with the com-
mon use of the Q-value (e.g., Belloni et al. 2002), but di↵ers

2 � fi,FWHM is the full frequency width of the Lorentzian at half of
its maximum value.

BH Cyg X-1 WD MV Lyr



Fourier resolved time lags

• Accreting white dwarf 
systems do show Fourier 
resolved time lags like 
XRBs/AGN

• Typically soft lags, but 
some indications for hard 
lags as well

6 S. Scaringi et al.
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Figure 3. Coherence and phase/time lags observed with ULTRACAM for LU Cam (left) and MV Lyr (right, 2 different nights) in the
three combinations r′ − g′ (red diamonds), g′ − u′ (blue circles) and r′ − u′ (black squares). All have been obtained from averaging 6
independent lightcurve segments. Negative time lags indicate that the emission in the redder bands lags the emission in the bluer bands.
Colour figure available online.

binary separation in MV Lyr, this model would require the
r-band emission to be dominated by the reprocessed light,
otherwise the lags would be diluted by the variable central
continuum emission. Furthermore, this interpretation seems
to be unlikely for disc reprocessing at these large radii, since
the disk is unlikely to reprocess much of the central contin-
uum emission (van Paradijs & Verbunt 1984; de Jong et al.
1996). Additionally, the much larger lags of ≈ 10 seconds
observed in LU Cam rule out the possibility of the lag being
produced by light-travel times to the outer disc and/or sec-
ondary star. LU Cam does however leave the possibility that
the reflecting region would sit at large radii, at ≈ 6R⊙, out-
side of the binary orbit, maybe in the form of circumbinary
disk/torus, although we would have to be viewing the system
from a very specific angle. If this were the case, we would
also expect the large scale varying emission to be weak com-
pared to the direct continuum emission from close to the
compact object. This would imply that the observed lags
from the reprocessing region at large distances would be di-
luted from the direct continuum emission, meaning that the
intrinsic lags should be even larger than the ones observed
in LU Cam. We note however that for the possibilities pre-
sented here further spectral analysis would be required to
investigate these possibilities.

4.3 Thermal timescale

Another, possibly more plausible, scenario could be that the
accretion disk is reprocessing energy originating from close
to the compact object, for example in the boundary layer, on
the local thermal timescale. In MV Lyr, the boundary layer
can reach ≈ 100, 000 K (Godon & Sion 2011), allowing the
colder disk (of ≈ 10, 000 K in the outer edges) to efficiently
absorb such photons (as opposed to reflect them through
Compton scattering as is the case for XRBs). In this scenario
one can imagine variable radiation influencing the accretion
disk, where the observed red/negative lags are due to the
light-crossing time from the source to the disk, but also due
to the thermal reprocessing time of photons within the disk
before they are re-emitted and observed. In this case the
relevant timescale to consider is the thermal timescale

tth =
1
αΩ

, (8)

where Ω is the Keplerian frequency at a specific disk radius,
and α the disk viscosity parameter, also at a specific disk
radius (Shakura & Sunyaev 1973). With an accretion disk
reaching the WD surface of ≈ 0.01R⊙, the corresponding
thermal timescale at the inner-most edges of the disk is on
the order of tens of seconds, depending on α. Our LU Cam
result could potentially be explained through this process if
α ≈ 0.7, which is considered to be high for accretion disks in

© 2013 RAS, MNRAS 000, 1–8
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WDs fit the variability scaling 
relations; model-dependent 

• Pretorias & Warner find 
a DNO/QPO extension 
to the PBK relation.

• If one accounts for the 
WD radius the 
variability timescales 
follow the black hole 
scaling relations

Warner et al. 2003; Scaringi et al. 2015 

Dwarf Nova Oscillations and Quasi-Periodic Oscillations in Cataclysmic Variables: III. 17

Figure 30. The Two-QPO diagram for X-Ray binaries (filled squares: black hole binaries; open squares: neutron star binaries) and 26
CVs (filled circles). Each CV is only plotted once in this diagram. The X-Ray binary data are from Belloni et al. (2002) and were kindly
provided by T. Belloni. The dashed line marks PQPO/PDNO = 15.

consecutive nights at∼ 22 s in CR Boo during the 1996 CBA
campaign on CR Boo (Patterson, private communication).

In addition to the DNO and QPO observed in CR Boo
(run S6852), there is an lpDNO at 61.9 s in the same run.
Fig. 29 shows the phase/amplitude diagram for the 61.9 s
periodicity over the first ∼ 2.3 hours of run S6852.

5 FURTHER COMPARISON BETWEEN QPOS
IN CVS AND X-RAY BINARIES

With our extended data set, obtained from observing the
literature and the sky, we can generate a more detailed com-
parison between DNO and QPO periods in CVs. In Fig. 30
we show this on the same Two-QPO correlation diagram
produced for X-Ray binaries (Belloni, Psaltis & van der
Klis 2002); the latter distinguishes between neutron star
and black hole candidates. Some of the scatter in the CV
part of the correlation may arise through ambiguities of pe-
riod – i.e. whether we are observing the primary periods
or their first harmonics. Other scatter comes in a few cases
from lack of simultaneity in observations of the DNOs and
QPOs. However, the correlation is quite clear, and the whole
relationship can be described by PQPO ∼ 15PDNO both for
CVs and X-Ray binaries, over a range of nearly six orders

of magnitude in period or frequency. This correlation is not
yet understood; Mauche (2002) has shown that many popu-
lar models for QPOs in X-Ray binaries are excluded by this
relationship.

We are conscious of the possibility of bias in our selec-
tion of DNOs and QPOs that have been ‘accepted’ into our
list, but it was while attempting to avoid such a bias that
we realised that there is strong evidence for an additional
set of DNOs – the lpDNOs described above. We currently
see no clear evidence for maverick DNOs that fit neither of
these categories.

There is a possible additional similarity between CV
and X-Ray binary oscillations. During X-Ray bursts in the
latter, pulsations are seen which lie in the frequency range
300 – 600 Hz (see Table 1 of van der Klis 2000), which in-
crease in frequency slightly during the burst, and which are
attributed to hot spots on the neutron star where gas ex-
pands and slips relative to the rotation of the underlying
atmospheric layers. It is argued (van der Klis 2000) that at
least in some cases there are two hot spots. If that were
generally the case, then the true rotation frequencies would
actually lie in the range 150 – 300 Hz. The high frequency
QPOs (plotted on the abscissa of Fig. 30) in these same
stars (Table 3 of van der Klis 2000) lie in the range 500 –

c⃝ 0000 RAS, MNRAS 000, 000–000

Figure 3. Confidence contours for the mass, radius, and mass accretion rate
indices. We show the confidence contours for the dependency of the characteristic
bend frequency on the accretor mass, radius, and mass accretion rate indices. We
have fitted the model, log ⌫b = A log R + B log M + C log Ṁ + D,
where ⌫b represents the measured characteristic bend frequencies, and R, M ,
and Ṁ are the radii, masses, and mass accretion rates, respectively (all using cgs
units), to determine the best-fit values for A, B, C, and D. The obtained fit is
good (�2 = 38.41 for 37 dof) and consistent with the previously obtained fit (1),
resulting in A = 2.07 ± 0.11, B = 0.043 ± 0.17, C = 0.95 ± 0.22, and
D = 3.07 ± 2.61. The dark gray lines show the previously obtained fit using
a BH-only sample (1), with 1� errors marked with light gray regions. Given that
the previous fit was solely based on BHs, a degeneracy between mass and radius
existed, such that it was essentially fitting for ⌫b / RaMb and the finding that
a + b ⇡ �2. The contours refer to the fit including accreting WDs, AGN, and
soft-state Galactic BHs and allowing the radius to be an additional free parameter.
We thus show that the dominant parameter in the scaling law is a characteristic
radius in the inner disc, and not the mass of the accretor as previously thought.

truncated by the magnetosphere of the accreting proto-star. In V866
Sco, the truncation radius has been estimated by fitting the spectral en-
ergy distribution (SED) of the system and found to be about 1 to 10
times larger than the radius of the proto-star itself (30). We therefore
adopt log R⇤ = 0.5± 0.5 (where R⇤ is the stellar radius) as the char-
acteristic radius for this system. Such truncation radius estimates are
model-dependent and uncertain, but V866 Sco nevertheless lies close
to the universal variability plane. In Fig. 4, the point corresponding
to V866 Sco shifts to the right – and hence closer to the predicted lo-
cation – with decreasing inner disc radius. This may suggest that the
inner disc radii of YSOs lie at the lower end of the ranges inferred from
the SED fits.

DISCUSSION

The leading theory for accretion-induced variability in compact
objects is the “fluctuating accretion” model (14, 15). In this picture,
slow accretion rate fluctuations generated in the outer disc propagate
inward, where they combine with the progressively faster fluctuations
generated at smaller radii. This results in a multiplicative coupling of
the variability on all time scales and naturally produces both linear
rms-flux relations and broken power-law PSDs (14, 15, 31–33). Our
discovery of the same variability characteristics in YSOs establishes

Figure 4. Edge-on projection of our sample on the accretion variability
plane. We show that the predicted characteristic bend frequencies, derived by
inserting the observed masses, radii, and mass accretion rates into the best-fit re-
lationship to the combined supermassive BHs, stellar-mass BHs, and accreting
WDs, agree very well with the observed characteristic bend frequencies. If the
predicted and observed bend frequencies are identical, then an object will exactly
lie on the black line. We display supermassive BHs as filled green squares, stellar-
mass BHs in their soft state as filled red squares, and accreting WDs as filled blue
squares. We additionally show the position of the YSO V866 Sco with the filled
magenta circle using the best estimate for its magnetospheric radius at 6.4 solar
radii. The error on the predicted ⌫b assumes strict upper and lower limits for the
disc truncation radius, from 0.1 to 2 AU solar radii (30). We thus demonstrate
that the variability plane of accreting systems extends from supermassive BHs all
the way to YSOs.

the universality of these features across all types of accreting systems,
compact or otherwise. This is qualitatively consistent with the fluctu-
ating accretion model because the process it envisages is scale-free (in
the sense that it does not rely on a particular system mass or size).

The universal plane of accretion-induced variability is a further sig-
nificant step forward in understanding the physics of accretion because
it quantitatively links all types of disc-accreting astrophysical systems.
For example, the identification of a characteristic inner-disc radius as
the dominant parameter – as opposed to accretor mass or accretion rate
– has obvious implications for the physical interpretation of accretion-
induced variability, in general, and the fluctuating accretion model,
specifically. Our work thus provides a solid basis for the development
of a universal physical model of astrophysical accretion on all scales.

MATERIALS AND METHODS

Sample selection

We attempt to include all relevant sources in our sample. Our sam-
ple includes two stellar-mass BHs observed during their soft state (Cyg
X�1 and GRS 1915+105) (3, 7, 22, 34–36) with strong enough vari-
ability to measure break frequencies. We also include all unabsorbed,
bright AGN with good XMM-Newton observations (having more than
40-ks exposures) (21). In addition, we include both nova-like accreting
WDs observed during the Kepler mission and all six nova-like accret-
ing WDs observed with ULTRACAM (see Table 1 for a full list) in the
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Figure 2. Light curves of SS Cyg during the 2010 April outburst. Top panel: radio lightcurves from the VLA (filled diamonds and circles),
VLBA (open squares) and WSRT (open triangles), where red and blue indicate ∼5GHz and ∼8GHz radio observations, respectively.
Visual magnitudes from AAVSO are shown in light grey points, marking the progress of the outburst. Second panel: radio spectral index
(α, where Sν ∝ να). Third panel: Swift/XRT and RXTE count rates, measured in the 0.3–10 keV and 2–16 keV bands, respectively.
Bottom panel: Swift/XRT hardness, defined as the count rate ratio (1.5–10)/(0.3–1.5) keV. Shaded panels represent the rise and decay
periods of the outburst (see Section 4.2 for definition), with the plateau phase in-between. The evolution of the 2010 outburst appears
to follow the standard optical and X-ray outburst pattern for this source.

c⃝ 2015 RAS, MNRAS 000, 1–15

Dwarf novae are radio 
emitters

• CVs show a radio flare near 
the onset of the outburst

• Jets?

• Flux in agreement with 
extrapolation from XRBs

• Might be direct analogue of 
XRBs jets, but we have only 
imaged a jet at 4 sigma; 
needs to be confirmed (Talk 
of James)

Koerding, et al. 2008, Russell et al. 2016, …
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Figure 1. The 15.5 GHz AMI-LA (black) and V-band AAVSO (green) light curves of SS Cyg during the February 2016 anomalous outburst. Upper limits (2�)
in the radio are shown as red arrows. For comparison, the optical light curve for a normal outburst presented by Körding et al. (2008) is shown in grey
(aligned at the steep rise). The “X” symbol denotes the time of the X-ray observation (see 2.3 for details). The “giant” flare peaking at ⇠18 mJy, seen on
MJD 57447 (29 February 2016) and lasting for ⇠10 minutes, is shown in more detail in Figure 2. The upper limits on the day of the giant flare lie outside the
time interval shown in Figure 2. Note that the peak of the giant flare extends much beyond the scale of this figure. The bottom panel shows the spectral indices
(S / ⌫↵; between 14.25 GHz and 16.75 GHz) during peaks of flaring events seen at 15.5 GHz.

increases to the critical point to drive the hydrogen ionization insta-
bility, thereby transporting the accretion disk material rapidly onto
the surface of the white dwarf. During outburst, the X-ray emission
rises at a similar time as the optical, and this is attributed to the
material reaching the boundary layer. The boundary layer becomes
optically thick and quenches the X-ray radiation while the extreme
UV radiation rises rapidly (Wheatley et al. 2003). Residual X-ray
emission persists through the outburst phase. Our X-ray observa-
tion was carried out soon after the optical light curve reached peak
(MJD 57436.14). The 1–10 keV luminosity, 1.7⇥ 1031 erg s�1, is
in agreement with past observations during this phase of the out-
burst. At the end of the optical and ultraviolet decay phases, the X-
ray emission rises gradually, and later fades back to quiescent levels
(Wheatley et al. 2003; Russell et al. 2016). During the phase when
the optical and UV emission are declining, the accretion rate is ex-
pected to drop substantially. Hence the “giant” flare, seen towards
the end of the outburst, is intriguing. If the giant flare is due to the
ejection of plasma blob(s), then the large amplitude of the radio
flare during this decay phase remains unexplained. A comparison
between our observations and a normal optical outburst suggests
that the giant flare occurs either slightly before or right at the start
of the X-ray increase at the end of the outburst (see, e.g. Wheatley
et al. 2003; Russell et al. 2016), 2–3 days before the peak of the X-
ray emission. This suggests that the giant flare is not driven by the
large change in the optical depth of the boundary layer. Although
the magnetic field of the white dwarf in SS Cyg is not high, it is
possible that something like the propeller effect or magnetic recon-

nection takes over as the accretion rate is falling and generates an
outflow of gas (e.g. in cases of AE Aqr and VW Hyi; Wynn, King &
Horne 1997; Warner & Woudt 2002; Meintjes & de Jager 2000),
and hence a luminous flare in the radio. Since the isotropic 15.5
GHz luminosity at the peak of the giant flare (and ↵16.8GHz

14.2GHz ' 1)
is ⇠ 1027 erg s�1, this flare may be consistent with the LR to
LX relationship (using an estimate of the X-ray luminosity from
Wheatley et al. 2003) seen for black hole systems (see figure 9 of
Russell et al. 2016), albeit for a very short period of time.

Lastly, we would like to highlight the importance of densely-
sampled radio coverage, without which the rapid flares and the gi-
ant radio flare (which had a duration of 15 minutes) towards the
end of SS Cyg’s outburst would have remained unknown. The 200
hours of observing presented here may not be feasible with tele-
scopes like the SKA or its pathfinders, and this underscores the
need for interferometers like the AMI-LA to be operational in the
era of large telescopes. Niche areas of astronomy will continue to
be accessible only with such small radio interferometers.
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Dwarf novae have two major 
flares: beginning & end

• Mooley et al. find that SS 
Cyg can be highly variable 
throughout the outburst.

• Big flare near the end, flare 
at the beginning missed. 
Similar to what is seen in 
XRBs.

• In combination: like in XRBs, 
we see one large flare at the 
onset and one flare in the 
late decline (‘hard state’)

Mooley et al. 2017
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Table 3. Results

Name Outburst Obs. Beam Sizeb PAc RAd Dec.e Flux Density CP LP
typea (arcsec2) (�) (J2000) (J2000) (µJy) (µJy) (µJy)

Z Cam Normal 1 5.21⇥2.15 –54 08:25:13.149 ± 0.029 73:06:39.00 ± 0.44 25.0 ± 3.1 <10.2 <6.9
2 4.54⇥2.08 –71 08:25:13.100 ± 0.025 73:06:39.13 ± 0.37 40.3 ± 5.2 <16.8 <11.1
3 4.94⇥2.05 –62 08:25:13.067 ± 0.026 73:06:39.34 ± 0.39 33.1 ± 4.4 <16.5 <13.2

RX And Normal 1 4.49⇥2.14 71 01:04:35.526 ± 0.030 41:17:57.73 ± 0.46 13.6 ± 3.2 <10.5 <6.0
2 3.07⇥2.19 87 01:04:35.547 ± 0.020 41:17:57.22 ± 0.32 19.6 ± 4.4 <13.5 <8.7
3 3.32⇥2.19 83 - - <14.4 - -

SU UMa Super 1 3.11⇥2.16 75 08:12:28.296 ± 0.012 62:36:21.89 ± 0.19 35.5 ± 3.8 <11.4 <7.2
2 5.10⇥2.25 –75 08:12:28.232 ± 0.019 62:36:22.07 ± 0.29 58.1 ± 5.7 <17.7 <12.0
3 2.86⇥1.79 –45 08:12:28.310 ± 0.027 62:36:22.32 ± 0.40 19.1 ± 4.9 <14.7 <9.9

YZ Cnc Super 1 2.93⇥2.32 –72 08:10:56.692 ± 0.021 28:08:32.71 ± 0.32 17.4 ± 3.7 <10.5 <6.3
2 5.73⇥2.25 –65 08:10:56.644 ± 0.045 28:08:32.86 ± 0.67 26.8 ± 5.2 <18.3 <10.8
3 2.57⇥2.47 –23 - - <18.9 - -

U Gem Normal 1 0.96⇥0.65 64 07:55:05.2081 ± 0.0065 22:00:04.4106 ± 0.098 12.7 ± 2.8 <9.0 <7.8
2 0.70⇥0.60 –3 - - <16.8 - -
3 0.72⇥0.60 –3 - - <17.5 - -

Notes: All detections were consistent with point sources, and all upper-limits are 3�. a‘Normal’ refers to a DN outburst, and ‘super’
refers to a super-outburst. bMajor and minor axis of the synthesized beam. cPosition angle of the beam. eEach radio position is
consistent with the optical position and proper motion in Table 1.
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Figure 1. Radio (10GHz) and optical (V -band) light curves of the outbursts of RX And, U Gem and Z Cam, and super-outbursts of
SU UMa and YZ Cnc. The fluxes and integration times for these light curves are given in Table 3. The precursor outburst of SU UMa
has not been plotted for clarity. All optical observations are from the AAVSO International Database (see http://www.aavso.org).
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A typical CV@300 pc is around 15 μJy Copejans et al. 2016



Nova Like CVs
• Analogy XRBs - CVs: 

strongly accreting CVs 
should next to always show 
radio emission like Z-
sources

• 5 nova-like CVs observed 4 
detected

• Non-detection furthest away

• CP flare cannot be due to a 
synchrotron jet…..

Novalikes as Radio Emitters 5

Figure 1. Luminosities (or upper-limits) of all CVs looked at in the radio. The solid line is the quiescent radio emission of M and K-type
isolated red dwarfs (Gudel et al. 1993)
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Tidal Disruption Events 
In TDEs, a star is tidally disrupted once it gets inside the tidal radius of a supermassive black hole. This tidal 
radius depends strongly on the mass of the black hole and the size of the star. Once a TDE occurs, the 
fallback rate should follow a characteristic slope decaying with time t as t-5/3 (see e.g. Rees 1988).  
In recent years, a growing number of TDE events have been detected in the X-rays as well as the optical and 
UV bands (for a review see Komossa 2015). X-ray selected TDEs all seem to have a peak luminosity of up 
to a few 1044 erg/s and effective temperatures around Teff = 105 K. The host galaxies seem to harbour a 
supermassive black hole with masses around 106-8 Msun (e.g., Komossa & Bade 1999). Their analysis shows 
that the sources seem to follow the characteristic decay law predicted by Rees 1988.  
The crucial question is how and when an accretion disc forms from the disrupted star. The classical model 
for TDE emission relies on the circularisation of the bound debris as it falls back to the black hole (Rees 
1988, Phinney 1989). The circularisation stems from self-collision of the debris stream due to relativistic 
precession at the pericenter. These models can well explain the observed light-curves of X-ray selected TDE 
events. However, there seems to be a difference between these X-ray selected TDE events and optically 
selected events (see Fig 2). The latter seem to have an order of magnitude lower effective temperatures and 
luminosities (e.g., Komossa 2015).  
Several models have been built to explain these discrepancies. There are mainly two types of models 
explaining optically selected TDEs: In the first class of models, the optical emission arises from a shell of 
gas surrounding the central source. Centrally produced X-ray emission would be reprocessed in this gas 
shell, producing the observed optical emission (e.g., Loeb & Ulmer 1997, Strubbe & Quataert 2009; Lodato 
& Rossi 2011).  The second class of models was suggested by Pirian et al (2015). In this class of models, the 
optical emission would come from the energy dissipation associated with the circularisation process and 
would be produced by shocks where the accretion stream intersects with itself at radii larger than the 
pericenter radius. This would give rise to the sometimes observed characteristic time dependence of t-5/3, as 
the associated luminosity relates to the debris fallback rate (e.g. Arcavi et al. 2014).  
With high cadence optical light-curves, it is possible to distinguish between reprocessed X-ray emission from 
the accretion flow and optical emission arising from shocks in the accretion stream. In the first class of 
models, reprocessed X-ray emission from the accretion disc should show red noise variability as usually 
found in all accreting systems (see e.g., Koerding et al. 2007, Mushotzky et al 2011). In addition, other 
correlations like the RMS-flux relation should be found if the optical emission arises from accretion. In the 
second class of models, the optical emission should not show the normal signatures of accretion disc 
variability. Instead, the accretion stream moves around the black hole on orbits, thus one should be able to 
see positive peaks in the auto-correlation for lags corresponding 
to the orbital period of the orbit. By using optical timing 
techniques, it will thus be possible to measure which of the 
proposed models is correct.  
While in the optical domain it is disputed where the emission 
originates from, all these models agree that any possible X-ray 
emission would originate from an accretion disc that forms 
once the accretion stream is circularised. 
For roughly one in ten TDEs one has detected radio emission, 
which may originate either in a relativistic jet or in a mildly 
relativistic quasi-spherical outflow. These two possibilities 
correspond roughly to the two types of models for creating the 
initial circularisation. 
It should be noted that very few TDEs have been continuously 
monitored in the radio. From studies of X-ray binaries (XRBs), 
it is known that accreting black holes have highly variable radio 
emission, so it is crucial that one observes at the correct times 
(see e.g. Koerding et al. 2008). It may thus be that most TDEs 
would show radio emission if one looked deep enough (van 
Velzen et al. 2016) and at the correct times.  
Steady state accretion vs dynamic accretion 
Powerful accreting systems are not only found in supermassive 
black holes. Stellar mass black holes in binary systems also 
show accretion discs, jets and winds. The black hole masses of 
these stellar systems are roughly one million times smaller than 
those in the centres of galaxies. In these smaller systems one 

Fig. 2: Hardness intensity diagrams are 
used to study the evolution of XRBs 
(from Fender, Gallo 2014). A source 
moves through the different accretion 
states. We will construct such a diagram 
for a single AGN. 

2 Rob Fender, Elena Gallo

Fig. 1 A qualitative summary of the relation between accretion states and outflows in black
hole X-ray binaries. The upper panel represents the relation between X-ray spectral hardness
and luminosity, and the path A-B-C-D-E-F represents the path taken by the recurrently-
outbursting binary GX 339-4 over the course of about one year. Hard states (to the right) are
well-studied and show quasi-steady radio jets. Soft states (to the left) appear to have no radio
jets but strong accretion disc winds. Transitions between the states, at least at high luminosity
(e.g. B-C-D), appear to be associated with discrete jet ejection events. From Fender & Belloni
(2012), where a concise summary of the cycle can be found.
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• ULXs can be high magnetic 
field neutron stars 

• HID seen for NS, stellar 
and supermassive BHs

• CV Jet not imaged, but 
likely given the flat 
spectrum + outburst cycle

• some CVs have radio 
emission not originating in 
jets 
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