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Measuring the apparentMeasuring the apparent
motion of the “blobs” motion of the “blobs” 
gives you v ~ 4cgives you v ~ 4c
New Physics??New Physics??
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V/C for a sample of 33 jetsV/C for a sample of 33 jets
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Superluminal MotionSuperluminal Motion
The knots are moving The knots are moving 
towards us at an angletowards us at an angle  φφ  
measured from the line of measured from the line of 
sight.sight.

A photon emitted along theA photon emitted along the
line of sight at time t=0, line of sight at time t=0, 
travels a distance d to us, travels a distance d to us, 
taking a time ttaking a time t1 1 to arrive:  to arrive:  
tt11 = d/c = d/c

A second photon is emitted at A second photon is emitted at 
a time t later, when the blob a time t later, when the blob 
is a  distance d – vt cosis a  distance d – vt cosφφ  
away from us.  The second photon away from us.  The second photon 
arrives at  arrives at  tt 2 2 =  =  tt  + (d - vt cos+ (d - vt cosφφ)/ c)/ c

The observed difference in the time of arrival from photon 1 & 2 is:The observed difference in the time of arrival from photon 1 & 2 is:
∆∆ttobsobs = t = t22 -  -   tt1 1 ==  ∆∆tt  (1 – vcos(1 – vcosφφ/c) </c) <  ∆∆tt
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Superluminal MotionSuperluminal Motion

The apparent transverse velocity is The apparent transverse velocity is 
  VV

appapp
 = vT = vT

ee
 sin( sin())/ / ∆∆tt

                    = v sin (= v sin ())/(1-vcos(/(1-vcos())/c) let /c) let =v/c=v/c
                      = = csincsin()/{ -1()/{ -1 coscos()}()}
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Superluminal Motion cont.Superluminal Motion cont.

Let Let γγ  = 1/(1- v= 1/(1- v22/c/c22))1/21/2,,  this is the Lorentz factor.  Then:this is the Lorentz factor.  Then:
vvapappp  ≤≤  γγv (the maximum observed velocity) which occursv (the maximum observed velocity) which occurs
when coswhen cos  φφ  = v/c.  = v/c.  We will only observe superluminal We will only observe superluminal 
motion when the jets are pointed within an angle of 1/motion when the jets are pointed within an angle of 1/γγ  

towards the line of sight. towards the line of sight. 

This light will be beamed and brightened.This light will be beamed and brightened.
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Superluminal Motion cont.Superluminal Motion cont.

To a stationary observer, the “clocks” on the knot To a stationary observer, the “clocks” on the knot 
appear to run slow by a factor ofappear to run slow by a factor of  γγ, , from before,from before,
∆∆tt obsobs  ==  ∆∆t (1 – vcost (1 – vcosφφ/c) /c) 
∆∆tt obsobs  ==  ∆∆ttee  γγ  (1 – vcos(1 – vcosφφ/c)/c)
So the observed frequency of the light is So the observed frequency of the light is 
ννobsobs = =   ννee[[γγ  (1 – vcos(1 – vcosφφ/c)]/c)]-1-1

When When γγ> > 1> > 1, , all the light is focused all the light is focused 
into a narrow cone of sininto a narrow cone of sinφφ= 1/= 1/ γγ ~  ~ φφ,,
and compressed in time byand compressed in time by  ∆∆tt obsobs  =  =  ∆∆tt e e / 2 / 2 γγ..
Thus the light will be brightened by a factor ofThus the light will be brightened by a factor of 1/ ( 1/ (22γγ))22

This explains why we usually only see one relativistic jet,This explains why we usually only see one relativistic jet,
the one being beamed towards us.the one being beamed towards us.
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Quasar Host GalaxiesQuasar Host Galaxies
With good telescopes (and some image processing) the With good telescopes (and some image processing) the 
quasar light can be subtracted and the host galaxy quasar light can be subtracted and the host galaxy 
revealedrevealed

One can image quasar hosts with HSTOne can image quasar hosts with HST

Many are interacting – does interactions trigger AGN Many are interacting – does interactions trigger AGN 
activity?  Promote fueling gas into centers?activity?  Promote fueling gas into centers?

Not all galaxies with SMBH are AGN (even the Milky Not all galaxies with SMBH are AGN (even the Milky 
Way)Way)

Quasars were much (~1000x) more numerous at z~3 Quasars were much (~1000x) more numerous at z~3 
than todaythan today

Is an AGN a requirement for galaxy formation?  Does Is an AGN a requirement for galaxy formation?  Does 
every galaxy have a SMBH? every galaxy have a SMBH? 

More interactions in the past?More interactions in the past?

Quasars were also much more luminous in the pastQuasars were also much more luminous in the past
There is probably some combination of luminosity and There is probably some combination of luminosity and 
density evolution!density evolution!
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There is evidence that most There is evidence that most 
if not all galaxies have a BHif not all galaxies have a BH
in their center but many of in their center but many of 
these are quiet! Not beingthese are quiet! Not being
fed(?) so they are hard to fed(?) so they are hard to 
detect detect 

M32M32 
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Gamma-ray BurstsGamma-ray Bursts

Very bright Very bright -ray flashes-ray flashes

Isotropic on the skyIsotropic on the sky

1010-3-3 sec to minutes duration sec to minutes duration

Occur ~once per dayOccur ~once per day
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Gamma-ray Bursts cont.Gamma-ray Bursts cont.

First detected in the late 60'sFirst detected in the late 60's

Vela military satellites (US)Vela military satellites (US)

Konus military satellites (USSR)Konus military satellites (USSR)

Their identity was completely unknownTheir identity was completely unknown

Short timescales (~minutes)Short timescales (~minutes)

Poor spatial localizationsPoor spatial localizations
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GRB AdvancesGRB Advances

CGRO (Compton Gamma Ray CGRO (Compton Gamma Ray 
Observatory) showed that GRB's were Observatory) showed that GRB's were 
isotropically distributedisotropically distributed

Therefor they were much more likely to be Therefor they were much more likely to be 
at cosmological distances rather than in at cosmological distances rather than in 
our Galaxy.our Galaxy.

Showed that the spectrum was non-thermalShowed that the spectrum was non-thermal

Two classes of bursts long t>2s and short Two classes of bursts long t>2s and short 
t< 2st< 2s
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GRB Advances (1997)GRB Advances (1997)

Initially GRB positions were not known Initially GRB positions were not known 
accurately enough (error circle of accurately enough (error circle of 
degrees) so that observations at other degrees) so that observations at other 
wavelengths could be done.wavelengths could be done.

No optical or radio counterpartsNo optical or radio counterparts

No redshift & thus distance was unknown!No redshift & thus distance was unknown!
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GRB Advances cont.GRB Advances cont.

2/10/97: Meszaros and Rees GRB 2/10/97: Meszaros and Rees GRB 
relativistic fireball model predicted relativistic fireball model predicted 
broadband afterglows (Ap J 1997)broadband afterglows (Ap J 1997)

2/28/97: First X-ray/optical afterglows 2/28/97: First X-ray/optical afterglows 
discovereddiscovered

Beppo-SAX: combination of wide field hard Beppo-SAX: combination of wide field hard 
X-ray imager and narrow-field soft X-ray X-ray imager and narrow-field soft X-ray 
imagerimager
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GRB970228: first detection of X-ray and optical afterglowsGRB970228: first detection of X-ray and optical afterglows
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GRB Advances cont.GRB Advances cont.

GRB970508: first redshift of GRB GRB970508: first redshift of GRB 
afterglow (Keck)afterglow (Keck)

Also first radio detection of afterglow Also first radio detection of afterglow 
(VLA)(VLA)

GRB990123: first optical observation of GRB990123: first optical observation of 
GRB (ROTSE)GRB (ROTSE)

  Biggest explosion since Big Bang : 2 x 10Biggest explosion since Big Bang : 2 x 105454  
ergerg
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GRB 990123GRB 990123

GRB990123GRB990123

Host galaxyHost galaxy
Irr?Irr?

Animation from Animation from 
Andy Fruchter'sAndy Fruchter's
GRB page 16, 59GRB page 16, 59
and 380 days pastand 380 days past
burstburst
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GRB Advances cont.GRB Advances cont.

Observations of GRB 021206 with Observations of GRB 021206 with 
RHESSI indicate that GRB's are highly RHESSI indicate that GRB's are highly 
polarized 80polarized 80±±20%20%

GRB's are located in regions of very high GRB's are located in regions of very high 
magnetic fields that are extremely well magnetic fields that are extremely well 
ordered.ordered.

We observed GRB 021206 along the edge We observed GRB 021206 along the edge 
of a very narrow jetof a very narrow jet
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Swift MissionSwift Mission

BAT

XRT

Spacecraft

UVOT

BAT

UVOT

XRT

Burst Alert Telescope (BAT)Burst Alert Telescope (BAT)
New CdZnTe detectorsNew CdZnTe detectors
Most sensitive gamma-ray                Most sensitive gamma-ray                

      imager ever flown      imager ever flown

X-Ray Telescope (XRT)X-Ray Telescope (XRT)
Arcsecond GRB positionsArcsecond GRB positions
CCD spectroscopyCCD spectroscopy

UV/Optical Telescope (UVOT)UV/Optical Telescope (UVOT)  
Sub-arcsec imagingSub-arcsec imaging
Grism spectroscopyGrism spectroscopy
2424thth mag sensitivity (1000 sec) mag sensitivity (1000 sec)
Finding chart for other observersFinding chart for other observers

SpacecraftSpacecraft
Autonomous re-pointing, 20 - 75 sAutonomous re-pointing, 20 - 75 s
Onboard and ground triggersOnboard and ground triggers
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Burst Alert Telescope (BAT)Burst Alert Telescope (BAT)
Coded aperture mask

~6~61212
GRB Position GRB Position 
Computation Time (s)Computation Time (s)

21.821.82222PSF (arcmin)PSF (arcmin)

1 - 41 - 41 - 41 - 4
GRB Location Accuracy GRB Location Accuracy 
(arcmin)(arcmin)

557 7 Energy Resolution (keV)Energy Resolution (keV)

12 - 30012 - 30015 - 15015 - 150Energy Range (keV)Energy Range (keV)

ValueValue
on-Orbiton-Orbit

RequiredRequired
ValueValue

BAT CharacteristicBAT Characteristic
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BAT  First  LightBAT  First  Light (with only 3/ 4 of the 
array act ivated)

Detector Plane
Image

Sky Image

Analysis by Hans Krimm
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GRB 050525
Second most fluent GRB observed by Swift to date, and
first bright low redshift burst observed by all three 
instruments onboard

•  XRT on target at T+125s

•  UVOT on target at T+65s
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GRB progenitorsGRB progenitors

Compact object mergerCompact object merger

NS binary mergerNS binary merger

NS-BH mergerNS-BH merger

BH-WD mergerBH-WD merger

Timescales for these mergers is longTimescales for these mergers is long

Therefor should not occur near regions of Therefor should not occur near regions of 
active star formationactive star formation

Any debris will be accreted onto the BHAny debris will be accreted onto the BH

No significant X-ray line emission or No significant X-ray line emission or 
absorption!absorption!
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GRB progenitors cont.GRB progenitors cont.

Collapsar/HypernovaCollapsar/Hypernova

A SNe where the blast wave does not eject A SNe where the blast wave does not eject 
most of the material and some is left to fall most of the material and some is left to fall 
back and feed the black hole.back and feed the black hole.

Most commonly formed from binary star Most commonly formed from binary star 
mergermerger

Naturally forms jets along the common Naturally forms jets along the common 
rotation axisrotation axis
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Collapsar jet model (A. MacFadyen)Collapsar jet model (A. MacFadyen)
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GRB progenitors cont.GRB progenitors cont.

BH-He core mergerBH-He core merger

BH and a He core WD merge and collapseBH and a He core WD merge and collapse

Like the collapsar model the GRB is Like the collapsar model the GRB is 
expected to be beamed along the rotation expected to be beamed along the rotation 
axisaxis

Works best for long duration GRB'sWorks best for long duration GRB's
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GRB progenitors cont.GRB progenitors cont.

SupernovaSupernova

Mass ejection provides a ready source for Mass ejection provides a ready source for 
X-ray, radio or optical emissionX-ray, radio or optical emission

Simulations show that for short burstsSimulations show that for short bursts

Long bursts (~25s) are not consistent with the Long bursts (~25s) are not consistent with the 
SNe collapse time.SNe collapse time.
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Holland  2001

Host Host 
GalaxiesGalaxies

Hosts are similar to star-
forming galaxies at 
similar redshifts.

High star formation rates.
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Location of GRB within HostLocation of GRB within Host
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Distribution 
Follows 
Stellar
Distribution

The environments of 
GRBs show higher 
gas densities, higher 
metallicities, and 
higher dust content 
than random 
locations in host 
galaxies.

Suggests that GRBs 
occur in star forming 
regions.

Location Location 
of GRB of GRB 
within within 
HostHost
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GRB LocationsGRB Locations

GRB hosts are star-forming galaxiesGRB hosts are star-forming galaxies
GRBs trace the stellar distribution GRBs trace the stellar distribution 
(in distance from galaxy center)(in distance from galaxy center)
GRBs occur in dense environments GRBs occur in dense environments 
(probably star forming regions)(probably star forming regions)

Suggests collapsar model over Suggests collapsar model over 
merger modelmerger model
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Supernova connectionSupernova connection

SN 1998bw was found in the 8’ error circle of 
GRB 980425 in observations made 2.5 days after 
the burst.

A slowly decaying X-ray source was subsequently 
found in the same galaxy (z = 0.0085) and 
identified with the GRB.

However, the GRB was very underluminous and 
the SN was very usual with peculiar line 
emission (no H, no He, no Si at 615 nm.  

Radio emission a few days after GRB indicated 
relativistic outflow with energy ~ 3x1050 erg.

Thought to be oddball GRB and SN.
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GRB030329 and SN GRB030329 and SN 
2003dh2003dh

Clear spectroscopic 
signature of a SN, 
broad emission lines, 
found after decay of 
afterglow of 
GRB030329.

“Smoking gun” linking 
GRBs and SNe.
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GRB SNe connectionGRB SNe connection

Since 1997 > 2 dozen GRB afterglows Since 1997 > 2 dozen GRB afterglows 
have been observedhave been observed

Often the excess light could be attributed Often the excess light could be attributed 
to an SNe but spectroscopic evidence was to an SNe but spectroscopic evidence was 
needed to be sureneeded to be sure

The Gamma-Ray Burst Afterglow The Gamma-Ray Burst Afterglow 
Collaboration at ESO (GRACE) showed that Collaboration at ESO (GRACE) showed that 
the afterglow from GRB030329 was a the afterglow from GRB030329 was a 
supernovasupernova
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GRB'sGRB's
If the emission is isotropic then the If the emission is isotropic then the 
energy required for GRB's is~10energy required for GRB's is~105454 erg erg

This is liberated in a region < 100 km This is liberated in a region < 100 km 
acrossacross

From the timingFrom the timing

The energy, timing, spectrum and The energy, timing, spectrum and 
lightcurve can be explained by the lightcurve can be explained by the 
fireball-shock model but there can be fireball-shock model but there can be 
two types of shocks two types of shocks 

ExternalExternal

InternalInternal
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External ShocksExternal Shocks

External Shocks are
between the relativistic
ejecta and the ISM.
This predicts the optical 
emission should be <1s
after the burst.

Optical emission is also
produced much later.
Also predicts a smooth
light curve
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This doomed the external shock model
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Internal ShocksInternal Shocks

Here the shocks are between
different shells of the ejected
relativistic matter

Each time these collide we
get a peak in the light curve

But no 
afterglow
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InnerInner
EngineEngine

 Relat ivist ic Relat ivist ic
WindWind

ExternalExternal
ShockShock

AfterglowAfterglow

InternalInternal
ShocksShocks

γ- rays

The basic fireball model is consistent with the observations
of GRB's 
Internal shock give you the prompt optical emission and 
gamma rays.

External shocks give you the afterglow
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Fireball ModelFireball Model

Initial event accelerates baryons in bulk

Later on, internal shocks re-accelerate particles 
produce GRB

Even later, external shocks produce afterglow
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Swift ResultsSwift Results

•  Launched in 2004.

•  Detects about 100 bursts/year

•  More afterglow detections than all previous 
satellites combined

•  GRB with redshift of z = 6.29

•  Average redshift = 2.7 compared to pre-Swift 
<z> = 1.2

•  Expect 40 GRB with z > 5 and 4 with z > 8.
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Nakar (2006)
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The Big Bang

 (13.7 Gyrs)

 Trilobytes 

 (500 M yrs)

Diam onds:  Short GRBs

Red Histo: Long GRBs Era of Long 

GRBs
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Pulse W idths:  Brightest Short & Long GRBs

Generalities (when good S/N)

(1) Long bursts nearly always 

have pulse FW HM  > 100 m s, 

event when lag is very short.

(2) Short bursts usually have 

pulse FW HM  ~ 5­30 m s.

& GRB 
061210

& GRB 
061210

Bright BATSE Long 
Bursts
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Long & Short GRB'sLong & Short GRB's

Long GRB'sLong GRB's

Associated with Associated with 
core-collapse Snecore-collapse Sne

Star forming host Star forming host 
galaxiesgalaxies

Short GRB'sShort GRB's

Not associated Not associated 
with recent star with recent star 
formationformation

A variety of host A variety of host 
galaxies galaxies 

No SNeNo SNe

Binary mergers?Binary mergers?

CollapsarCollapsar


