Microquasars
and jets

Rob Fender (Oxford)

L spin

2
L ra d
~
c
m
+η

L adv
+
L
+ kin

Dictionary de nitions






There aren't any... but here's an attempt:
Microquasar: an X-ray binary (accreting
neutron star or black hole) which produces
relativistic jets
Jets: collimated out,ows of energy/matter
away from a central accreting source

Lecture plan


Lecture 1 (background stu/...)
Observations of jets
Basic astrophysics of jets from observables
The power of jets



Lecture 2 (where the publications lie...)
Connection of jet formation to accretion
Relation to winds
Connection to Active Galactic Nuclei

Observations of Jets

VLBA observations can now probe to ~100 RG

In 1918 Curtis
wrote of an
image of the
nebula M87,
describing a
'curious
straight ray...
connected with
the nucleus'

.

We now know this is the nearest example of a powerful jet from a supermassive black
hole. The jet has been resolved to be ~self-similar over a scale range of more than 10 6.
Note that – with Sgr A* – this is the largest angular size of a black hole on the sky

Junor, Biretta & Livio

More than 107 AGN-jet systems are known

FRI radio galaxies: fairly diffuse jet –
lobe structues

FRII radio galaxies: narrow powerful
jets, bright hotspots. More powerful?

Apparent size of
event horizons
on the sky

What about the
X-ray binary
black holes?

Cygnus X-1

X-ray binaries do it too: SS 433 (daily VLBA images)

Massive binary (HMXB) with orbital period 13 days and jet precession period 162.5 days
(clearly seen in the movie). Not especially X-ray luminous but very powerful jets.
May be super-Eddington source.
Mioduszewski

Dubner et al.

On very large scales the jets from SS 433 are powering / distorting the W50 nebula
(inner jet scaled up by a factor ~ x 1000). Average jet power must be > 10 38 erg/sec

XTE J1550-564: X-rays from the jet
The black hole
transient XTE J1550564 went into
outburst in 1998.
At the time there was
a large radio ,are
which VLBI resolved
into a relativistic jet.
Over the next 4 years
we found that this jet
was decelerating as it
pushed on the ISM,
resulting in in situ
acceleration of
electrons to TeV
energies.

Corbel et al.

Neutron star X-ray binaries produce jets too
→ you don't need to be a black hole to produce a relativistic jet
Sco X-1 with VLBA

Note apparent brightening of previously ejected blobs by faster moving – but
invisible – ,ow. This is also observed in the neutron star X-ray binary Cir X-1
where the inferred Lorentz factor of the invisible ,ow is Г > 10 !
Is this a neutron star only phenomena ? Some hints of it also in SS 433 X-ray jet
(compact object not identiLed in SS 433)

Fomalont et al.

Jets are produced by other types of systems

The Crab pulsar
Young Stellar Objects

Also, supersoft X-ray sources, gamma-ray bursts,
individual massive stars...

Moutain-mass “blobs” moving at >0.98c, GeV-energy emitting particles (MERLIN)

Basic astrophysics from
observables

Very basic
… and yet sometimes people forget
Accretion is powered by release of
gravitational potential energy
E = -GM m
R
So bringing mass m from a long way
away in ,at space time (r → inLnity)
releases
ΔE = GM m
R
Half this if particle settles to a circular
orbit at radius R

Very basic
… and yet sometimes people forget
And its the same amount of energy
required to lift something from radius R
and Lre it to inLnity!
It would take precisely 100% of the
available accretion energy to take all
the accreted matter and Lre it away at
the escape velocity
→ some matter has to be accreted
→ it is possible that accretion of some
mass to the compact object could
release more mass at much larger radii
(winds or slow jets)

Synchroton radiation
The main emission mechanism we see from jets from black holes is
synchrotron emission (what else ?). In a nutshell this is characterised
by
●
'nonthermal' spectra
● (sometimes) high brightness temperatures
● (sometimes) high degrees of linear polarisation
'Nonthermal' emission: sometimes used to mean 'spectrum described
by a power-law', but this is not very satisfactory (the Rayleigh-Jeans tail of
a black body spectrum is a power law, as are most parts of a thermal
bremsstrahlung spectrum).
I prefer 'arises from a non-thermal distribution of electrons' (i.e. cannot be
described by one temperature). In fact you can have both thermal and
nonthermal synchrotron emission.

Synchroton radiation
Brightness temperature: the temperature of the black body required to
produce the same luminosity for a given source size as observed. 'Typical'
thermal processes may reach temperatures of 109 K, synchrotron
emission has a 'limit' of TB~ 1012 K.
Above this limit – which is equivalent to an energy density – inverse
Compton losses would rapidly cool the electrons
Assuming this limit in turn allows you to calculate the minimum size of
synchroton emitting region.
Alternatively, if you have some other constraint on the maximum size of a
source of a given luminosity, you can measure a lower limit on the
brightness temperature

Observed brightness
temperatures of
incoherent (cyclotron →
synchrotron) sources
Only a few are about 1012K,
and those are beamed
towards us

Pietka et al.

Linear polarisation: Synchrotron emission can produce linear
polarisation up to ~70%, for a completely ordered field, on the
optically thin branch of the spectrum.
In principle this can be used to test for the existence of largescale magnetic fields in jets (a common model for jets)
The observed range is large: from undetectable to ~50% in
some large-scale jets.

Test this

Synchroton radiation
Synchroton emission arises from
the spiralling of charged particles in
a magnetic field (v x B force).
It is the relativistic version of
cyclotron emission
In cyclotron emission the radiation
pattern from the electron is a
sinusoid → the observed emission
is the Fourier transform of this →
single frequency
As the electron becomes more
relativistic, its emission is beamed
in the forward direction, and the
radiation pattern is no longer a
sinusoid → Fourier transform
produces a broad spectrum of
frequencies

The synchrotron emission from a single electron (or positron)
covers a range of frequencies.
The peak frequency νmax µ E2 where E is the particle energy

A power-law distribution of particle energies over a large range will produce a
superposition of individual electron spectra and produce a power-law in emission.
Q: Does the shape of the individual emission spectrum affect the overall spectrum ?
A: not really (only at low energies in GRBs)

The overall spectrum of synchrotron emission
This is a typical
synchrotron spectrum
for a cloud of relativistic
electrons + B field.

Warning: some people use
the reverse definition!

At low frequencies the
synchrotron emission is
self-absorbed and has a
spectral index +2.5

NB: this is the part which
can be highly polarised

(this is different to the
self-absorbed part of a
thermal spectrum [a.k.a.
Rayleigh-Jeans tail])
At higher frequencies the emission is optically thin. A power-law distribution of electrons
N(E) dE µ E-p will produce a power-law spectrum Fν µ να where the relation is
p=1–2α
Spectral index is typically observed to be -1 < α < -0.5
This corresponds to 2 < p < 3 – consistent with modelling (or the other way round...)

So why would there be a power-law distribution of particles ?
Shock acceleration: anything moving at faster than the local sound speed will cause
a shock. In astrophysics this occurs in many scenarios, including essentially all
situations in which mass is rapidly ejected into space e.g.
– relativistic jets
– gamma-ray burst afterglows
– supernova explosions
In all of these cases you tend to get shock-accelerated
electrons and amplified/compressed magnetic field
→ synchrotron emission
Log10 N(E)
N(E) dE µ E-p
gradient -p
Most shock modelling
predicts p ~ 2.1
α = (1-p) / 2 = -0.55
Log10 E

… as observed

High energy particles,
low energy photons
Transient high energy
astrophysical phenomena
are (nearly) always
associated with radio
emission.

Shock accelerated
particles,
compressed
magnetic Lelds

→ synchrotron emission: very high
energy particles producing low
energy (radio) emission.
Eparticle >> Ephoton so objects glow for
a long time in radio.
'Event' → ejecta travelling
at v >> local sound speed

The speed of jets
Jets from AGN and X-ray binaries have been observed to travel at speeds > 0.999 c
… so fast, that its better to measure this in terms of the Lorentz factor
Г = ( 1 – β2 )- 1 / 2

For several X-ray transients we
can make direct measurements
of jet proper motions. However,
these only provide lower limits
on the Lorentz factor of the jet.
NB: Neutron stars can make
highly relativistic jets !

Fender et al.

AGN BH X-ray binaries

Like FRIIs, X-ray
binary jets are very
highly collimated
(< few degrees)
We may use this
as a means of
calculating the
Lorentz factor
assuming that this
apparent lack of
lateral expansion is
caused by time
dilation (caveat,
caveat, caveat).
Alternative
explanations for
the collimation
require
confinement of the
jet by the ISM or by
a magnetic field

Miller-Jones et al.

Daily images of the black hole
X-ray binary GRS 1915+105
taken with MERLIN in 1997

The source is at an estimated
distance of 11 kpc
The proper motions observed
for the approaching
component corresponded to
~25 mas / day
What is the derived velocity
for the jets ?
Tip:
1 as @ 1 pc = 1 A.U.
1 A.U. = 1.5 x 1013 cm

Fender et al.

1 as @ 1 pc = 1 A.U.
→ 1 mas @ 1 kpc = 1 A.U.
→ 25 mas @ 11 kpc = 25 x 11 = 275 A.U.
275 A.U. = 4 x 101 5 cm
This was covered in one day → v = (4 x 101 5 cm) / (86400.0) = 4.6 x
101 0 cm / sec
= 1.5 c
(alternatively you may note that 1 A.U. Is 8 1/3 light minutes, and 8 1/3
x 275 = 2290. One day is 1440 min so the source travelled 2290 light
minutes in 1440 real minutes → speed of ~1.5 c)
How is this possible ?

'blob' here
at time t

vt

'blob'
launched
at time 0
moving at
v=βc

θ
Observer

Q1: What are is projected separation on the plane of
the sky ?
Q2: Over what time interval does this appear to take
place to the observer ?

'blob' here
at time t

vt

θ
Observer

Q1: What are is projected separation on the plane of
the sky ?

v t sin θ

v t cos θ

'blob' here
at time t
has
moved
(vt cos θ)
also
towards
the
observer

vt

Q2: Over what time interval does this
appear to take place to the observer ?

θ

ct
Light from 'launch event' has travelled c t
Light from blob at time t is (c t – v t cos θ) behind light from launch
Divide by c to get the difference in arrival times: (t – β t cos θ)
Apparent velocity vapp = (v t sin θ) / (t – β t cos θ)
Cancel t, divide by c

β app = (β sin θ) / (1 – β cos θ)

Observer

0.98 e.g. GRS 1915+105
The peak in apparent velocity
corresponds to the Lorentz
factor of the ,ow
0.92 e.g. GRS 1915+105

This in turn means that if you
measure an apparent velocity
it sets a lower limit on the
Lorentz factor

0.7 (min for superluminal)
0.3 e.g. SS 433

Q: Is this apparent superluminal motion a relativistic effect ?
A: Yes and no. There are no Гs. But it does rely on the speed of light being non-additive
(however you can still get the same effect with additive speed of light.)

0.92, approaching

The apparent velocity of the
receding jet never exceeds c

At very small angles you also
don't see much apparent
motion

0.92, receding

Even when jets perpendicular
to line of sight there is
redshift (time dilation)

→ you never see superluminal motion on both sides (unless jet is precessing...)
→ if you see superluminal motion, that is the “approaching” side...

Aberration of light
Classical aberration can be well
(pseudo-)observed in falling rain

at rest

Driving / cycling fast results in more rain
appearing to come 'head on'

60 km/s
Relativistic aberration takes place in jets which
are (often) moving at >0.9c
The radiation from these jets is strongly beamed
in the forward direction (and Doppler shifted)

250 km/s

The 'beaming' angle is ~ 1 / Г (radians)

Relativistic Aberration (“Doppler Boosting”)

- Lines show focussing of emission in forward direction
- Colour shows Doppler shift

This is why FR II radio jets are often observed to be one-sided

receding slowly

receding fast

approaching fast
approaching slowly

So why can we see both sides of the lobes?

Aberration → Doppler “(de-)boosting”
The flux you would measure from an isotropically emitting source is
changed when it is moving relativistically, because of the aberration
Fobs = F0 δk-α
where δ is the relativistic Dopper factor
δapp = [Γ (1 – β cos θ)]
α is the spectral index,
2 (steady jet) ≤ k ≤ 3 (blobs)
Г is the bulk Lorentz factor,
β is the velocity in units of c, and
θ is the angle to the line of sight

δ rec = [Γ (1 + β cos θ)]

Doppler factors:
In the case of GRS 1915+105
both δapp and δrec are <1 so
both sides are “deboosted”

Loss mechanisms


Adiabatic expansion losses are proportional to
electron energy E → shape of electron
spectrum, and hence observed synchrotron
spectrum, remains unchanged

Log10
N(E)dE

Log10E

Loss mechanisms


Synchrotron and inverse Compton losses are
proportional to E2 → electron spectrum, and
hence observed synchrotron spectrum,
steepens

Log10
N(E)dE

If you do not see spectral steepening
you can place limits on magnetic Leld
(synchrotron losses) and on photon
energy density (inverse Compton)
Log10E

The power of jets

Realise this: total radio luminosity is only
~10-7 of X-ray/bolometric luminosity for a
typical accreting source
– are these jets really worth bothering with?
Perhaps they're just a sideshow?
How much power do they carry in total?

Estimating the minimum power of jets:
Synchrotron minimum energy
It has been recognised since work by Burbidge in the late 1950s that jets from AGN may
carry a very large amount of energy. This has only recently been established for XRBs.

Relativistic
electrons
Ee ~ B-3/2
EB ~ B2

Ee ~ B-3/2

Magnetic Leld
EB ~ B 2
Sum of these two
components has a minimum

Longair's High Energy Astrophysics explains clearly how this minimum energy can
be worked out. In astro-ph/0303339 I present the equations in a form
useful for XRBs.
The basic trick is to associate a given synchrotron luminosity with
a given volume – you can either do this with direct imaging (often used for
AGN, for SNRs) or from e.g. rise-time arguments (i.e. size ≤ c Δt).
For example, for an event of rise time Δt seconds, observed at frequency ν GHz,
with a peak ,ux density Sν mJy, from a source at distance d kpc, the minimum
power is:
Em I n ~ 3 x 103 3 Δt 9 / 7 ν 2 / 7 Sν 4 / 7 d 8 / 7 erg
Pm I n = Em I n / Δt ~ 3 x 103 3 Δt 2 / 7 ν 2 / 7 Sν 4 / 7 d 8 / 7 erg / sec
… and occurs at a corresponding (near-equipartition) B Leld of
Be q ~ 30 Δt - 6 / 7 ν 1 / 7 Sν 2 / 7 d 4 / 7 Gauss
… and the Lorentz factors of the emitting electrons:
γ ~ 30 ν 1 / 2 Be q

As an example – a ,are from Cygnus X-3
Radio monitoring at 15 GHz, probable distance ~8 kpc

Simply applying these formula gives
E m I n ~ 5 x 10 4 0 erg, Pm I n ~ 10 3 7 erg / sec … at a magnetic Leld of
B e q ~ 0.5 Gauss … in which Leld the electrons radiating at 15 GHz had
γ ~ 150
Note that there are many caveats: Llling factors, bulk relativistic motion...

XTE J1550-564: X-rays from the jet
So if we see
synchrotron emission
at X-ray energies...
If radio-emitting
electrons are γR ~ 102
and γ ~ 30 ν 1 / 2 Be q

and radio ~1010Hz
and X-ray ~1018Hz
then
γX ~ 102 x (108)1/2
~ 106
→ X-ray emitting
electrons have TeV
energies

Corbel et al.

Got to here

Lightcurves

Van der Laan (1966)
Expanding “blob” evolves from optically thick to optically thin
Key factor for ,ux is the relative size

Van der Laan applied to real data: CI Cam

Rise phase also
contains Lnite
particle acceleration
timescale (at high
frequencies this is
longer than optical
depth evolution)

Rise phase:
Decreasing optical
depth. Peak at τ~1

Peak arrives later and
lower at lower frequencies
Other complications can
include multiple events
superposed, (re-)acceleration
of jet in 'external' shocks with
ISM etc

Decay phase: adiabatic expansion
losses (also synch/IC losses)

Particle
acceleration
timescale
[maybe]
(high freq)

Optical
depth
evolution
(low freq)

Another
example
The similarity of the
,are proLle at all
wavelengths
(including radio) is
hard to explain – it
certainly implies
expansion losses (not
radiative) are the
'cooling' mechanism.
This gives us an extra
constraint on both
models and the
energy / B Leld
calculations

Bmax
EB ~ B 2

Fender & Pooley

Ee ~ B-3/2

In this case we applied extra steps given our knowledge of the system and
considered di/erent cases
– if the ejecta were moving relativistically, need to correct for relativistic
Doppler shift (Γ-1[1 – β cos θ]-1) of observed radiation and multiply derived
minimum energy and power by the bulk Lorentz factor Γ
– under the assumption that for each electron there was a 'cold' proton, we
need to add in their mass and the extra kinetic energy required
– we also considered Llling factors of 1%, 10% and 100%

The numbers are very large in the case of Γ=5 and a baryonic ,ow, P is > 100 LE d d
What does this mean ? There are no protons → pair jet ?
Fender & Pooley

Other methods ?
In rare cases we can use the ISM as a calorimeter

Cygnus X-1: small scale one-sided jet aligned with large-scale radio /
optical lobe. Appears that jet is distorting part of nearby HII region.

Gallo et al.

The nebula aligns with the
core jet
Observations in O [III] – a
tracer of shocked gas –
show the bow shock but not
the rest of the H II region
Application of jet models
indicate that
Lj e t ~ L X
and that the central 'void'
should be Llled with
synchrotron plasma and the
outer shell should be
expanding at ~100 km/s
Russell et al.

So what do we

nd?

Jets carry away about 10% of available accretion energy
… maybe in all classes of object

So what's the current view on jet power ?
X-ray luminosity (Eddington units)

One possible
interpretation of the
data so far:
Pj e t

The X-ray luminosity
probably falls o/ more
steeply (radiatively
ine\cient accretion)
⇨Low-luminosity systems
are jet dominated

Accretion rate (Eddington units)
Note that this scaling and normalisation of jet power with radio luminosity is
probably consistent with the same estimates performed for AGN
However, radiatively ine\cient high luminosity accretion has not been proven
Koerding et al.

Balancing the power
. 2
ηmc ~ Lrad + Lkin + Ladv
At high (~Eddington) accretion rates
Lrad ~ Lkin when jet is on
(but jet is o/ ~80% of the time)
But there is (some) evidence that at lower
accretion rates
Summing kinetic
.
.2
feedback across
Lkin ~ m
while Lrad ~ m
population: ~1% of
feedback from SNe in
→ 'jet dominated states'
Milky Way

Beyond accretion, x-rays and jets
. 2
ηmc ~ Lrad + Lkin + Ladv
What role for advection ?
Advection could contribute up to ~Ljet
(because there is at least a factor of two
uncertainty in power estimates) but is not
required to dominate as sink of energy

Beyond accretion, x-rays and jets
. 2
ηmc ~ Lrad + Lkin + Ladv
What about other forms of kinetic output?
Good evidence for winds – but do not appear
to be energetically important (but they can
be for overall mass ,ow)
(NB if radiatively launched could be
considered consequence of Lrad)

Beyond accretion, x-rays and jets
. 2
Lspin + ηmc ~ Lrad + Lkin + Ladv
What about spin as source of power?
Maybe.. but no strong need for it (I think)
No sources very super-Eddington (including
jet power)
No correlation of luminosity (very strongly)
with reported spin measurements (tomorrow..)

So how are jets formed?

… we don't know... but there are some good stories
Semenov

The Blandfords
Three important papers of relevance to jets
1. Blandford-Payne (1982)
'Bead on a wire' production of jets by accretion discs
2. Blandford-Konigl (1979)
Production of flat radio spectra by stratified jets
3. Blandford-Znajek (1977)
Powering of jets by black hole spin
(and of course there are many many more Blandford works of
relevance...)

Blandford &
Payne (1982)
Hydromagnetic flows
from accretion discs
and the production of
radio jets

All models of relativistic jet formation require
magnetic fields
None of the numerical simulations consider
all the physics – we do not know exactly
how the jets are launched.
In 'bead on a wire' models like B-P 1982,
centrifugal force can 'throw' out particles
which are tied to magnetic field lines (in their
case when angle to vertical > 60º)
The jets then need to somehow collimate..

Blandford & Konigl (1979)
Relativistic jets as compact radio sources

Measure
polarisation here
→ ordering of
magnetic Leld at
base of jet

Superposition of
synchrotron emission
from different parts of
a conical jet can
produce a flat
sprectrum across a
broad frequency range
Emission at a given
frequency arises from
region where optical
depth τ ~ 1
The distance to this
point (~ apparent size
of jet) scales as ν-1
This seems to explain
many of the properties
of black hole radio
'cores'

But: the model requires a 'magic' reheating of the jet material to keep it 'isothermal'. Without
the reheating the spectrum is not flat for more than ~one decade in freq.

Blandford-Znajek (1977)
Electromagnetic extraction of energy from Kerr black holes
Penrose (69), Christodolou (70) showed that
you can extract up to ~30% of the massenergy of a maximally rotating black hole
●

Blandford & Znajek (77) … McKinney (05)
showed how a disc could allow this energy to
be extracted and to drive a powerful
relativistic jet (but see Livio et al. 1999 for
arguments against..)
●

For a maximally rotating black hole spin can
power 10 million years at Eddington
(~Salpeter time)
●

Summary I






There are many detailed observations of jets,
and even without resolving jets we can
make estimates of jet power
They are excellent laboratories for special
relativity, shock acceleration, and high
energy astrophysics
However, it is extremely hard to probe
precisely how jets are formed

Summary II


On the other hand, we can make reasonable
estimates of the kinetic feedback from jets

. 2
Lspin + ηmc ~ Lrad + Lkin + Ladv


This allows us to make “black box” attempts
to balance power → key to understanding
the role of jets over cosmic time

Coming up on Friday




Connections of accretion to production of jets
and winds in binaries and AGN
Does spin power jets?

Thanks for listening
Questions?
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