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Galactic scaled down versions of extragalactic AGNs

Microquasars



  

Suggested readings:

● Mirabel & Rodriguez 1999, ARAA, 37, 409 – 443

● Fender & Belloni 2004, ARAA, 42, 317 – 364

● Mirabel 2007, astro-ph/0701837

● Fender & Muñoz-Darias 2015, http://arxiv.org/pdf/1505.03526.pdf

● Fanti & Fanti, Cap. 27

Scaled version of AGN engines. With some advantages:

Microquasars

R Sch =
2 GMBH

c 2 and Δ t ≈ MBH

http://arxiv.org/pdf/1505.03526.pdf


  

● Microquasars .vs. Quasars in the radio domain

Microquasars
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Binaries with a “normal” star & collapsed body

WD – Cataclismic Variables  [(recurrent) novae] (not discussed here)

NS (e.g. Sco X-1) or BH (e.g. Cyg X-1)  –  Micro-quasar, recognized as XRBs

Donor determines subclasses in XRBs:

➢ LMXRBs 
Pop II (old) stars (main sequence, RG)  overfowing the Roche lobe: 
Lagrangian point accretion. The vast majority of the radiation comes into the X-rays,
nearly invisible in the optical

➢ HMXRBs
Pop I (young)  stars (O, B, Be, blue supergiant)  losing mass  via stellar wind 
(a fraction captured by the NS/BH). Donor bright in the optical

 Intermediate Mass X-Ray Binaries (IMXRBs): donor  is an intermediate mass star

Microquasars: facts



  

Microquasars: (accreting galactic X-ray binaries with)

➔ Two sided[contrary to most AGN] relativistic (v >0.3 c) jets

➔ Accretion disk onto compact object

➔  (Radio) non-thermal radiation 
 

➔ Variability on a variety of timescales (often erratic)

➢ Physical and morphological properties similar to AGN , but much shorter time scale
➢ Time evolution related to changes in the disk-jet system, infow – outfow processes  

Microquasars: facts



  Face-on view of the distribution of low mass (open squares) and high mass (flled circles) X-ray binaries in our Galaxy.
The origin of the coordinate is at the Galactic Centre. The Sun (pentagon) is located at x=0, y=8.5 kpc.  (From Grimm et al. 2002)

XRB distribution
within our Galaxy

Microquasars



  

Microquasars

● Ingredients in a LMXRB:
 



  

Microquasars

● Ingredients in a HMXRB:
 



  

Microquasars

● Ingredients: the companion star provides the gas (via stellar wind in HMXRBs)
an accretion disk is formed, with a hot corona around the compact object. 
A jet is generated perpendicularly to the accretion disk

 



  

A few well known objects, most with a BH: SS433, GRS1905+105, Cyg X-1

Microquasars



  

Constraints from (early) observations:   

● Discovered in August 1992 (WATCH all sky monitor on board of GRANAT)
● Radio: Asymmetric brightness due to Doppler effects
● Measured v

app
 ~ 1.25 c (1994), bulk speed 0.92c, i=70deg  (Mirabel & Rodriguez 1999)

● Multi-λ monitoring campaigns to correlate variability:  highly variable, repeated fares then
periods of quiescence

Microquasars: GRS1915+105

VLBI   &   MERLIN (consecutive days)



  

GRS 1915+105: 
The most prominent microquasar (?) showing dramatic variability in its light curve, quasi-periodic
oscillations, phase lags, and coherence behavior. It is the most energetic object known in our galaxy,
with a luminosity of 5 x 10 39 ergs s –1 in the high state and  10 38 ergs s –1 in the low state.

Binary system: @ 12 kpc, contains a 1 M⊙  late-type giant in a 33.5 day orbit around a 14 M⊙  BH

RXTE study of GRS1915+105
Monitored by RXTE for more than a decade:  in a  stable state (Rau & Greiner, 2003, A&A, 397, 711) during most of 
the frst four years, and its spectrum was dominated by a hard power-law shaped component arising from inverse
Compton scattering of soft disk photons on a thermally dominated hybrid corona above the accretion disk.

Radio fux densities at 2.25 GHz and 15 GHz correlate with the power law slope, thus revealing a connection
between the outfowing matter and the comptonizing region.

A 590 day long-term quasi-periodicity was found in X-rays and radio, possibly originating from a precession of a
radiation-induced warp in the accretion disk (Rau et al., 2003, ApJ, 590, L37).

Microquasars:  GRS1915+105



  

It exhibits a wide range of quasi-periodic oscillations (QPOs), with central frequencies in the range 0.01-10 Hz. The
amplitude and frequency of the QPOs appear to be strongly correlated with the spectral state of GRS 1915+105 

Microquasars:  GRS1915+105

Selected segments of the X-ray light curve of GRS 1915+105, demonstrating the broad range of variability  patterns in this 
unusual source. The data were  obtained from the public    archive of the Rossi X-Ray Timing Explorer (RXTE). (Nayakshin et al. 200)

1 hr



  

Microquasars:  GRS1915+105

Simultaneous IR (jet) and X-ray observations of GRS 1915+105 show 
jet ejection is tightly correlated with rapid disappearance of accretion disk.

1 hr



  

Microquasars:  GRS1915+105

Large, repeated synchrotron fares observed at mm (blue) and infrared (red) wavelengths from the black hole binary GRS 1915+105.
The fgure shows a sequence of 16 quasi-periodic faring events observed at mm wavelengths, fve of which are simultaneously detected 
in the infrared band. From Fender & Pooley (2000).



  

Microquasars (et al.)

Fuchs et al. (2003): X-ray and radio fux monitoring of GRS 1915+105 around October 24 1997 (MJD 50745). The upper panels show 
the photon fux measured by BATSE in the 20-100 keV band and the integrated count rate in the 2-12 keV  band by RXTE. The lowerpanels

show the corresponding fux densities measured at 2.25 GHz and 8.3 GHz with the (GBI) and the spectral index from these two frequencies. 
On the latter plot zero has been marked with a solid line in order to emphasize the optically thick ( α~0 ) radio emission of the plateau state. 



  
Observation of the link between accretion and ejection. X-ray, NIR & radio light curves of  GRS 1915+105 
during the 1997 Sep. 9 multi-λ campaign. The disappearance of the internal part of the disk (decrease in
the X-ray fux) is followed by ejection of relativistic plasma clouds (Chaty 1998; Mirabel et al. 1998).

Simultaneous IR (jet) and X-ray observations of GRS 1915+105 show jet ejection is tightly correlated
with rapid disappearance of accretion disk.

Microquasars: disk – jet connection



  

Large scale structure (PSF ~ 1')
SNR W50 with two elongations
Nearly uniform spix

c

Microquasars:  SS433



  

First discovered microquasar*.

● Eclipsing binary. Primary: most likely a 16±4 M⊙  BH, at the center of the W50 SNR. 
                                The spectrum of the donor star suggests that it is a late A-type star (3 to 30 M⊙ )

● 433rd  in the catalog of stars with strong emission lines by Sanduleak & Stephenson (1977). 

● At 5.5 kpc in the galactic plane

● The material in the jets travels at 0.26c

● Orbital period of 13.1 days.

● Jets and disk precess around an axis inclined about  80° to the LoS to SS 433. The angle between
the jets and the axis is around 20°, and the precessional period is around 162.5 days. 

     As they impact the surrounding W50 SNR clouds, they distort it into an elongated shape.

* credit has been given only after the discovery/interpretation of the frst microquasar

Microquasars:  SS433



  

Microquasars:  SS433 the optical spectrum

Margon et al. 1979

The spectrum of SS 433 is affected not just by Doppler shift but also by relativity: when the effects of the Doppler shift
are subtracted, there is a residual redshift which corresponds to a velocity of about 12,000 km/s. This does not
represent an actual velocity of the system away from the Earth; rather, it is due to time dilation, which makes moving
clocks appear to stationary observers to be ticking more slowly. In this case, the relativistically moving excited atoms in
the jets appear to vibrate more slowly and their radiation thus appears red-shifted.

The donor: blu-shifted, rest and red-shifted lines



  

The donor: changing the red/blue -shift of the lines as the orbit develops

Microquasars:  SS433 the optical spectrum



  

Milliarcsecond scale monitoring:  https://www.youtube.com/watch?v=iz5UbKmvyik
2004, VLBA for 42 consecutive days: (see also https://www.nrao.edu/pr/2004/ss433/) 
                    jets are sometimes impacting material shortly after being created and thus brightening. 

Jet precession observed at X-ray?, optical? & radio wavelengths, well ftted with a kinematic model

Two opposite collimated jets (<20 deg) come out from the compact object, preceding
around a 79 deg axis, with a period of 164 d

Transient X-ray jets, do not have any  correlation with the radio core activity 
                                             (X-rays are not the tail of the synchrotron spectrum)

Arcsecond scale structure

Microquasars:  SS433



  

Marshall et al. 2004 press release (see also Marshall et al. 2013)

The geometrical model

Microquasars:  SS433



  

HMXRB, NS, the strongest X-ray source (obscured, then not as bright as Cyg X-1)
Orbital period: 4.8 h
Distance: 7.2 kpc
Detected out to 100-1000 TeV
Mild variability with period
of 4.8h, plus outbursts
(even 1000x in the radio)

Microquasars: Cyg X-3

Cygnus X-3
Choudhury et al. (2002)



  

HMXRB (HDE 226868, ~ 30 M⊙  ), BH (16 M⊙  ), the brightest persistent  X-ray source
Orbital period:  5.6 days
Distance: 1.9 kpc
Separation 0.2 AU, orbit inclination 40 ± 10 °
Uncertain spin rate (790 rps)

Microquasars: Cyg X-1

Pandey 2006



  

Microquasars: Cyg X-1

Vrtilek 2008

Left: examples of variability of the central component 
related to the changes in the inner structure.
Below: the radio jet visible on the small scale is
responsible for the egg-shaped diffuse emission
tracing the interaction with the ambient medium



  

Microquasars:  in general

A dozen of X-ray variability schemes:
a few examples.

X-rays are common and drive the
Classifcation

Hardness ratio (HR1 vs HR 2)
 &  Counts .vs. time 



  

Microquasars:  summary

➢ About 15% of XRBs have radio emission (variability!) related to jet activity
Observations are often triggered by  faring episodes. Quiescent state much weaker, may be that the
fraction of XRBs increases if the fux density limit is lowered.

➢ High resolution images reveal fast motion & evolution of plasmoids, often moving
superluminally in jets, visible on both sides of the compact object position

➢ No hot-spots

➢ No lobes (may be in SS443)

➢ Energetics ~ 1037 erg s – 1 , a fraction of the Eddington luminosity

➢ Tight connection with X-ray emission



  

Summary:
Radio jets appear when X-ray emission decays and are visible during disk
replenishment
Delay of peaks (decays) in the radio light curves consistent with adiabatic expansion of
a bubble of relativistic plasma

Microquasars: 



  

Microquasars: 



  

(Microquasars:  the end...)

Rees (1984): the characteristic temperature of a black body in the last stable orbit in the        
                          accretion disk is:
                                                                 T ~ 2x107  M – 1/4   (T,M of the black hole)

(i.e. the more massive is the BH the colder is the accretion disk around it => in AGN the
emission is at visible and UV wavelenghts, in the galactic sources the emission is at X and
gamma wavelengths)

SS433: peculiar object, its accretion disk emits at optical frequencies.

https://vimeo.com/332582739



  

Microquasars:  GRS1915+105



  

Fast Radio Bursts (FRBs)

 –  Rane & Lorimer, JAA 2017, 38:55 (DOI 10.1007/s12036-017-9478-1)
“Fast Radio Bursts”

 –  Cordes & Chatterjee, ARAA, 2019, 57, 417-465
“Fast Radio Bursts: An Extragalactic Enigma”

 –  Metzger, Margalit & Sironi: 2019, MNRAS 485, 4091-4016
“Fast radio bursts as synchrotron maser emission from decelerating relativistic blast waves”

 – Clay Fellowship Lecture on Fast Radio Bursts
      https://www.youtube.com/watch?v=aagnzOpHM90



  

DETECTION diagrams (DM effect on time of arrival)

➢ Isolated pulses
➢ Behave like pulsars (i.e. DM!)
➢ FRB 010724 frst detected by (Narkevic) Lorimer + Science, Volume 318, Issue 5851, pp. 777- (2007).



  

DM corrected dynamic spectra

➢ Pulse profle 
➢ Duration & scattering?



  

➢ Broad band spectra
➢ Unusual frequency coverage (partial coverage)
➢ C may suggest a pulse profle complex origin (Linear size ? Different site? Opacity? What else?).



  

➢ Surveys
➢ Strong dependency on frequencies
● Determine the daily rate (@ a given fuence limit)
➢ ~10 3 events sky – 1 day – 1



  

The effect of scattering 
on the pulse profle:

The time of the (exponential)
Decrease defnes the
Scattering time  τ



  

➢ Extragalactic origin

➢ Zero order tool to estimate distance

DMFRB = DMhost + DMIGM + DMMW+DMother



  



  



  

➢ Summary of observed properties

➢ Isolated pulses from extragalactic objects
(For more than 10 yr ,only one FRB was known to repeat. All others follow-up did not end with detections)
(Nowadays, there are several repeaters)

➢ Short duration (~ms, possible broadening from scattering)
Implications on the size of the region producing the energy

➢ Very high energy output
Fluence, integrated over frequency and divided by duration (which is very short!)

➢ Very high brightness temperatures
(Coherent mechanisms)

➢ Polarized emission in many FRBs
(Linear and circular. A few RM are available)

➢ To be distinguished from perytons (microwave window early opening)



  

 FRB121102 @ VLA  (black bullets are persistent 
emission, red triangles are FRBs detections)

➢ FRB121102

➢ First repeater known
➢ Persistent emission (localization!)
➢ Z=0.19 !

➢ Now more than a dozen of repeaters known
➢ Hundreds of FRB in catalogue
     (http://www.frbcat.org).



  

Models for FRBS

One-shot (cataclismic) models:

➢  Blitzar (highly rotating NS, with M > M
OV

); 
When rotation slows down via magnetic dipole spindown, NS collapses into BH; detached B feld
reconnects outside EH. Large current originates strong shock & super intense e-m emission 
[<1% of NS have to be supermassive to have the observed FRB rate (Falcke & Rezzolla 2014)].

➢ Binary NS-NS merger (B felds synchronized to binary rotation, radiation fash @ merging into BH)
Curvature radiation

➢ Binary WD merger 

Recurrent model(s):

➢ Magnetars
Episodic events within/around the magnetar can produce the observed FRBs.



  

A bright millisecond-timescale radio burst from

 the direction of the Galactic magnetar SGR 1935+2154
ATel #13681;Â Paul Scholz (UToronto) on behalf of CHIME/FRB Collaboration

on 28 Apr 2020; 20:45 UT

At 2020-04-28 14:34:33 UTC (topocentric arrival time at 400 MHz)
the CHIME/FRB backend (CHIME/FRB Collaboration et al. 2018 
ApJ, 863, 48) detected a bright radio burst from the direction of 
SGR 1935+2154, a Galactic magnetar known to be in an active 
state (GCN #27657, ATels #13675, #13678, #13679).
The burst had a DM of 332.8 pc/cc. [...]
The radio burst was detected in multiple CHIME/FRB beams.
This, and the frequency structure seen in the dynamic spectrum plot 
available at the URL provided below) indicate that the burst was
detected in a far side lobe. Based on a frequency-dependent model 
of the synthesized CHIME/FRB beams fit to the detected spectra, we
Localize the event to RA (deg) = 293.9, Dec (deg) = 22.1, 0.3 deg 
from the position of SGR 1935+2154, which was 21 deg from the 
CHIME meridian at the time of the burst.  [...]
The burst had a double-peak structure with two components ~5 ms wide separated by ~30 ms  [...]  ...caution are not corrected for the
telescope sidelobe response or instrumental bandpass. However, we do not expect the telescope's spectral response to change
significantly on a timescale of 30 ms (the separation of the two bursts), which suggests that the two peaks indeed had different spectra.
There is clear evidence for a scattering tail of similar magnitude in the two peaks. [...] However, accounting for our best estimate of the
telescope response at that location, we estimate the 400-800 MHz radio fluence to be a few kJy ms.
If confirmed, this would be the first radio detection of SGR 1935+2154. Previous observations of this source [...]yielded upper limits of
0.4 mJy and 0.2 mJy [...] about 0.07 mJy and 0.1 mJy, respectively. Younes et al. (2017, ApJ, 847, 85) reported upper limits of 14 uJy
and 7 uJy at 4.6 and 1.4 GHz, respectively. A preliminary search of the CHIME/FRB data since it commenced operations in late 2018
has revealed no past events from the source in spite of approximately daily ~10-min exposures. That the bright radio burst is seen at the
time of particularly high X-ray activity from SGR 1935+2154 lends further credence to the association.

https://chime-experiment.ca/en

mailto:paul.scholz@dunlap.utoronto.ca
http://gcn.gsfc.nasa.gov/gcn/gcn3/27657.gcn3
https://www.astronomerstelegram.org/?read=13675
https://www.astronomerstelegram.org/?read=13678
https://www.astronomerstelegram.org/?read=13679


  

Metzger, Margalit & Sironi: 2019, MNRAS 485, 4091-4016



  

However, in SGR 1935+2154, the low frequency signal arrives earlier than the high frequency one



  

https://theuncoverreality.in/2021/04/30/the-northern-cross-enters-the-frb-era-astronomy/

Read on The Astronomer’s Telegram the note
 ” One more burst from FRB 180916.J0158 + 65 observed with the Medicina Northern Cross at 408 MHz ” 
by G. Bernardi, M. Pilia, G. Bianchi, A. Magro, G. Naldi, G Pupillo, G. Setti and A. Addis

https://theuncoverreality.in/2021/04/30/the-northern-cross-enters-the-frb-era-astronomy/
https://www.astronomerstelegram.org/?read=14480
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