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In ancient 
times

stars and 
Universe

were believed 
to be 

immutable
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Breakthrough: 1572

Tycho Brahe reports on a Stella “nova”
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Another one! 1604

Johannes Kepler observes another Stella 
“nova”
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● (periodic) variable stars:
● RR Lyrae
● Cepheids

● Aperiodic (explosive) events:
● Novae
● cataclysmic variables (Cvs)
● AGNs

● Disruptive events:
● Supernovae (SNe) of different spectral classes
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 Multi-wavelength Astronomy



The X-ray sky
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Mass Accretion
Most efficient  process

η=
L

Ṁ c2=0.1

η=
L

Ṁ c2∼0.1

ηnucl∼0.007
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Black Hole X-ray Transients

GRO J1655-40

Different X-ray
states
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V404 Cygni: comeback after 26 years!
● LXMB with a BH with 

M
BH

=6.08 ± 0.06 M 
☉

● accreting matter from a K0 
subgiant companion star

● P = 6.5 days

● Distance: 2.4 kpc (~8000 
lyght-years)

● In 1989 it gave an outburst 
peaking at 17 Crab with 
L=7x1038 erg/s

June 15, 2015, 18:32 UT

Swift, Konus-WIND, 
MAXI ... triggered on it.

Miller-Jones+09
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IBIS/ISGRI instrument on ESA’s Integral gamma-ray observatory (20-40 keV)
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Assuming the distance 2.4 kpc

Energy ~ 8.9 x 10^40 erg,

peak luminosity L is ~1.1x10^38 erg/s.

Further activity:
there are at least two episodes 
detected on June 16, 2015.

(Golenetskii et al. GCN 17938)
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X-ray echo rings caused by foreground Galactic dust.

Swift 
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Gandhi+15, Atel 7686 (ULTRACAM fast camera at 4.2-m WHT)
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Gandhi+15, Atel 7686 (ULTRACAM fast camera at 4.2-m WHT)
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Our 
focu

s is
 on
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 Optical Phase Space: Then and Now
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● Traditionally wide-field sky monitoring confined to 
high-energies or optical (e.g. SNe, novae)
 

● We can now fill in gaps in the phase space

Transients: science drivers
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● Study of physics laws in extreme conditions (e.g., 
SNe, GRBs, TDEs, neutron stars, stellar BHs, SMBHs)
● Extreme accelerators (SN remnants, relativistic jets)
● Less luminous transients (flaring stars), accretion in 
our Galaxy, evolution of stars and galaxies
● Transients as probes to constrain cosmology 
(SNe,GRBs, first stars) 

Transients: science drivers
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 Data poverty 

Revolution
immense exponentially 
growing  data richness

(Big Data)

Recent discoveries:
● Predicted and sought-after
● Unexpected

New discovery 
space

Astronomy has just entered the 
Time Domain and Synoptic Sky 

Survey Era
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SNe: discovery rate
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Sensitivity



Sept 7-11, 2015 Ferrara PhD School 30

Sensitivity

High Cadence
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● Revolution in our ability to monitor the Universe

● Capture the behaviour of the temporal sky with 
high cadence across the e.m. spectrum and through 
neutrino and gravitational wave physics.

● Census of the transient sky
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Summing up, 
keys are...
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Time domain
(high cadence)
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Time domain
(high cadence)

Sensitivity
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Time domain
(high cadence)

Sensitivity

Synoptic 
surveys
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Time domain
(high cadence)

Sensitivity

Synoptic 
Surveys

Multi-messenger (e.m. + + GW)
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Data Mining
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● Swift review of a very selected sample 
among the hottest kinds of transients (lectures 
1+2)

● Review of current and future surveys and 
related issues/strategies (lecture 2)

Journey through Transients and 
Present/Future related Science
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● Asteroids, comets, NEO
● Occultations by trans-Neptunian objects
● Exoplanets via microlensing/transits
● T Tauri outbursts, episodic accretion
● X-ray transients, X-ray binaries
● Novae, Supernovae, high-z Quasars
● Gamma-Ray Bursts (GRBs)
● Tidal Disruption Events (TDEs)
● Fast Radio Bursts (FRBs)
● SuperLuminous Supernovae (SLSNe)
● Luminous Blue Variables (LBVs) – SN Impostors
● Ultra-Luminous X-ray sources (ULXs)

Observational perspective: mind-
boggling variety!
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Tidal Disruption Events 
(TDEs)

a long-predicted tale that turned real
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Super Massive Black Holes (SMBHs)

Most galaxies host a SMBH 
(106-109 M

⊙
) in their centre.

Copious amount of 
radiation due to 
accreted matter
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Super Massive Black Holes (SMBHs)

Most galaxies host a SMBH 
(106-109 M

⊙
) in their centre.

Dynamical measure through tracking of 
stars orbiting close (Milky Way)
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Super Massive Black Holes (SMBHs)

But, what if the surrounding 
environment is poor in gas?

Can we probe these 
“dormant” black holes?
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Tidal Disruption: basics
When a star passes too close, it 
is torn apart by the BH tidal 
forces:

GM
RT

3 R*=
Gm*

R*
2

● M = BH mass
● RT = tidal disruption radius
● R* = star radius
● m* = star mass

RT=(Mm*)
1 /3

R*

● Example:

M = 4x106 m*; R* = R⊙

 ⇒ RT ≈ 1 AU
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Disrupted or swallowed?
When BH Schwarzschild radius is 
too large, the star gets swallowed. 
To avoid this:

RT=(Mm*)
1 /3

R*> R s=
2GM
c2

M crit≈108( R*

R sun
)

3/2

( m*

msun
)
−1/2

msun

For a given BM mass M, RT depends 
sensitively on stellar size



Sep 7-11, 2015 Ferrara PhD School 49

Half bound, half unbound

Penetration factor: β=
RT

Rp

De Colle+12
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Mass accretion rate of bound debris
Spread in grav potential energy 
(Rp = periastron distance):

Δ E≈±
GM

R p
2 R*≃

GM
a

a≃
R p

2

R*

where

Orbital timescale (3rd Kepler's law):

t p≃( a3

GM )
1 /2

≃( R p
6

GMR*
3 )

1/2

t p≃β
−3( R*

3

Gm*
)

1 /2

(Mm*
)

1/2

≃
β
−3

√Gρ*
(Mm*

)
1/2

≈103 s (Mm*
)

1/2

β
−3
≈40d

β≃1 ;M /m*≃4x106Sun
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Mass accretion rate of bound debris
Spread in grav potential energy 
(Rp = periastron distance):

 E≈±
GM

Rp
2 R*≃

GM
a

a≃
Rp

2

R*

where

Orbital timescale (3rd Kepler's law):

t p≃ a3

GM 
1 /2

≃ R p
6

GMR*
3 

1/2

t p≃
−3 R*

3

Gm*

1 /2

 Mm*


1/2

≃

−3

G*
 Mm*


1 /2

≈103 s  Mm*


1 /2


−3
≈40d

≃1 ;M /m*≃4x106Sun
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Fallback rate at t>tp scales as t
-5/3

The accretion rates exhibit the t 5/3−  
decay expected for the range of 
eccentric Keplerian orbits:

dm
dt

=
dm
dE

dE
dt

Assuming dm/dE ~ constant, in 
agreement with simulations 
within a factor of a few:

a∝ t
2 /3

; E∝
Gm
a

∝Gmt
−2 /3


dE
dt

∝t
−5 /3

(Rees88; 
Evans+Kochanek89; 
Lodato+09)
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When GR is taken into account

Because of relativistic precession, 
debris distribution in angle is 
somewhat different 
(circularization may be affected).

However, dm/dt is very 
similar! (factors of ~2, 
Kesden+ 2012)
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TDEs are rare events

● The tidal radius for main sequence (MS) stars is only ~1 AU.
● Stars that fall into the SMBH likely come from its sphere of 
influence, ~1 pc.
● Per star, the disruption rate is very low:

1 every 10,000 years per galaxy!

Throwing a star into the 
tidal radius is like 
throwing a grain of

salt through the eye of a 
sewing needle a km away.

Credits: Guillochon
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Basic predictions

● Thermal, Bright in UV/soft X-rays
● T

BB
 > 2x105 K

(Rees88; Evans+Kochanek89; Lodato+09)
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Until 2011 a few candidates with X-ray declining curves in 
agreement with predictions, poorly constrained though 
(Komossa+99+04, Esquej+08)

First soft X-ray TDE Candidates

XMM light curves (Esquej+08)
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Gezari+09

+ optical TDE Candidates

vanVelzen+11
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March 28, 2011: Sw J1655+57
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Sw J1655+57

Lx~1045-1048 erg/s
Δt ~ 100 s
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Sw J1655+57: at the centre of its host galaxy at z=0.354

Offset: 0.5+- 0.9 kpc Zauderer+11
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Birth of a relativistic jet: scintillation

Zauderer+11

m p∝(
ν
ν0
)
−17 /12

(
θs

θF
)
−7/6

(ν>ν0=10GHz)

 ~ a few
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Sw J1655+57: 2-year X-ray light curve

radio+NIR+optical: evolving synchrotron

Zauderer+13

forward shock

t-5/3
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Sw J1655+57: 2-year X-ray light curve

radio+NIR+optical: evolving synchrotron

Zauderer+13

forward shock

t-5/3
Relat. Jet turns off 
when dm/dt drops 
below Edd Lim
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Sw J1655+57: 2-year of radio obs

Zauderer+13

E
j
 ~ 1052 erg  ;  M ~ 3x106 M

⊙


j
 = 0.1 rad

 ~ a few
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Sw J2058+05: 2nd TDE candidate

Cenko+12



Sep 7-11, 2015 Ferrara PhD School 66

Sw J2058+05: 2nd relativistic TDE candidate

Chandra

EVLA Keck

z = 1.1853
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Sw J1112.2-8238: 3rd relativistic TDE candidate

Brown+15

June 2011

Coincident 
with nucleus 
of faint gal @
z = 0.89

Lx= 10
47 erg/s
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Brown+15
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UV-optical flare from a TD of a helium-rich stellar core

Gezari+12
PS1-10jh

At centre of galaxy with Mstars = 3.6x10
9 M

⊙

SMBH: Mstars = 4(+4,-2) x10
6 M

⊙  
(scal rel)

z = 0.1696 (LumDist =816 Mpc)
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UV-optical flare from a TD of a helium-rich stellar core

Gezari+12 PS1-10jh

Fading BB with TBB ~ 30,000-55,000 K
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UV-optical flare from a TD of a helium-rich stellar core

Modelling the TDE light curves and spectra:
● R

p
 ~ R

T
● Polytropic exponent of 5/3 (fully convective star or a degenerate core)
● tp = 72 ± 2 days

● M = (1.9 ± 0.1) x 106 M
⊙  

●
 
Broad high-ionization HeII emission at 4,686 A

● Lack of Balmer line emission, low H mass fraction: < 0.2
● Lp ~ 2.2 x 1044 erg/s ;  E ~ 2 x 1051 erg

Consistent with a tidally stripped core of a red giant (precursor to 
helium white dwarf)
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UV-optical flare from a TD of a helium-rich stellar core

Modelling the TDE light curves and spectra:
● Rp ~ RT
● Polytropic exponent of 5/3 (fully convective star or a degenerate core)
● tp = 72 ± 2 days

● M = (1.9 ± 0.1) x 106 M
⊙  

●
 
Broad high-ionization HeII emission at 4,686 A

● Lack of Balmer line emission, low H mass fraction: < 0.2
● Lp ~ 2.2 x 1044 erg/s ;  E ~ 2 x 1051 erg

Consistent with a tidally stripped core of a red giant (precursor to 
helium white dwarf)
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Peak Lum of 20 TDEs (as of 05/2014)

Gezari+14

The shaded region shows the 
range of Eddington upper limits 
on luminosity for black holes 
with masses ranging from 106 to 
107 solar masses.

Only three TDE candidates 
discovered in hard-x-ray flares 
by the Swift orbiter peak well 
above the Eddington limits, 
suggesting highly beamed 
radiation in our direction from 
jets of stellar debris boosted to 
relativistic velocities. 
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Google “TDE Catalogue” and...
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● Demography of low-mass, otherwise-dormant SMBHs
● SMBH growth
● Stellar dynamics around galactic nuclei
● Probes of relativistic effects (emission-line profiles or 
precession effects in the Kerr metrics)
● Accretion physics near the last stable orbit
● Formation and evolution of radio jets

 We just entered the TDE real-time discovery era.

What do TDEs teach us?
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