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IACT technique – Overview

● Imaging Atmospheric Cherenkov Telescopes (IACTs) are 
relatively similar to “normal” optical telescopes
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γ-Rays

← ~50 GeV~20 TeV
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IACT technique – Overview

● Imaging Atmospheric Cherenkov Telescopes (IACTs) are very 
similar to normal optical telescopes

● The “only” difference is that optical telescopes directly detect 
photons from the emitting source (stars, galaxies…) while 
IACTs detect indirectly the incoming gamma-rays

● IACTs detect the very-brief blue Cherenkov optical flashes 
produced within extended air showers

● So Cherenkov telescopes are “optical telescopes”

● Optimized to measure ultra-fast signals (~ ns)
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IACTs vs optical telescopes

● These are the kind of images IACTs take:
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IACTs vs optical telescopes

● These are the kind of images IACTs take:

Similar angular size as M31
HSC’s M31 (80 Mpix)

1.5 deg FoV
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IACTs as optical telescopes

● IACTs are optical telescopes with very large reflecting 
surfaces equipped with fast (ns) photo-detectors 

● For long exposure times (~ sec/min), classical telescopes 
(great optical PSF) equipped with CCD cameras are more 
effective: very good QE and S/N

● For short exposure times (t < ~ms), CCD cameras are less 
suitable while scintillation noise limits the sensitivity of 
small—medium telescopes

● Larger telescopes mitigate the effect of atmospheric turbulence

● IACTs are huge, therefore their main limitation is the very large FoV they 
integrate over a single pixel (~ 0.15 deg)
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IACTs as optical telescopes
● Mirror area of world-wide optical telescopes
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MAGIC (~ u band)

IACTs vs GTC’s HiPERCAM

● The GTC (10.2 m) equipped with HiPERCAM:

● GTC + HiPERCAM →  
world’s best fast optical  
detector

● Reach up to 1 kHz, sampling 
5 bands simultaneously

● IACT sensitivity is not that 
far away, and are able to 
sample way faster

● IACTs cannot compete with 
HiPERCAM regarding 
sensitivity, but provide similar 
S/N on bright sources

V. Dhillon et al 2016
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https://arxiv.org/abs/1606.09214
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IACTs as optical detectors

● IACTs were already used as direct optical telescopes for 
several studies:

● Searching for optical bursts associated with FRBs

● Search for extraterrestrial intelligent life (OSETI)

● Detecting planetary transits and asteroid occultations

● High angular resolution astronomy via 
Intensity Interferometry
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Asteroid occultations 
with VERITAS

New method to perform sub-milliarcsecond resolution observations
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What is an asteroid occultation?

(not to scale)
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What is an asteroid occultation?

(not to scale)
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What is an asteroid occultation?

(not to scale)
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What is an asteroid occultation?

(not to scale)
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Asteroid occultations – The basics

● These events occur when an asteroid passes between a star 
and the Earth, projecting its shadow through the planet 
(see http://www.asteroidoccultation.com/ for public predictions)
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http://www.asteroidoccultation.com/
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Asteroid occultations – The basics

● If several observers follow these events 
(predicted ~days/month in advance), you can reconstruct the 
shape of the asteroid
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Asteroid occultations with VERITAS

Ingress Egress

Simulation
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Asteroid occultations with VERITAS

Ingress Egress

Simulation
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Asteroid occultations – Diffraction pattern

From the diffraction 
pattern we infer

the size of the star
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Occultations analysis – Results

● Which star size fits best TYC 5517-00227-1 (Imprinetta)?
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W. Benbow et al, 2019



Page 23

Occultations analysis – Results

● Which star size fits best TYC 278-748-1 (Penelope)?
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Occultations analysis – Results

● Using Gaia DR2 parallax measurement:

● These measurement allow to classify TYC 5517-00227-1 as a 
K0III giant star of 11+1.9

-2.0 
R

ʘ
, and TYC 0278-00748-1 as a 

2.17+0.22
-0.23 

R
ʘ
 sub-giant (IV)
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Star size direct measurement
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Star size direct measurement

Remember:
Resolution ~ λ/Baseline94 μas
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Occultations analysis – Results

● A new star-diameter detection technique is born
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Occultations analysis – Results

● A new star-diameter detection technique is born
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Occultations analysis – HiPERCAM
● IACTs are able to provide excellent S/N for measuring bright 

targets

● GTC measuring an asteroid occultation would provide 5 
simultaneous bands measuring diffraction fringes:

● The 5 additional bands (with excellent S/N ) would 
improve relative errors (well below the 3% level)
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Kuiper Belt Objects – HiPERCAM

● An even more interesting topic is constraining the population of 
sub-km Kuiper Belt Objects (KBOs)

● Constraining the frequency of very small KBOs would help to 
constrain the collisional history of the Solar System
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Kuiper Belt Objects – HiPERCAM
● LSTs + GTC-HiPERCAM would be the ideal instruments for 

such a search:

● A simultaneous detection from several telescopes would 
unambiguously detect the smallest KBOs to date

● GTC colors would measure the distance to the KBO 
(independently measuring its size)
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Gentle introduction to optical 
 intensity interferometry
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Introduction to Intensity Interferometry 

● The basic theory:

● A bright body of angular size θ is made of many incoherent 
emitting regions, producing a pattern of size λ/θ

● If the distance between observer 1 and 2 is << λ/θ, they 
observe the same fluctuations

Direct optical measurements with IACTs     |    T. Hassan    |   17 – 12 – 2019

λ



Page 34

Large photon statistics 
needed to see it above 

noise level (large mirrors!)

Introduction to Intensity Interferometry 

● The basic theory:

Average intensity at 1

Average intensity at 2
Coherence

In case there is coherence 
between 1 and 2 

signal is enhanced a ~ 0.01%

Unknown photon 
energy and phase!
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Introduction to Intensity Interferometry 

● The basic theory:

In a simple case (1D):

Studying the varying
coherence vs baseline
(different telescope distances)
allows to perform sub-mas
resolution measurements

Unknown photon 
energy and phase!
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λ
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Introduction to SII

●  Example: VERITAS SII measurement of 2 stars

With 2 telescopes, VERITAS 
was able to measure the 
size of Gamma and Kappa 
Orion

2T baseline is constant, but 
the Earth rotates, modifying 
the projected telescope 
distance (~50 → 170 m)

Direct optical measurements with IACTs     |    T. Hassan    |   17 – 12 – 2019



Page 37

Introduction to SII

●  Example: VERITAS SII measurement of 2 stars

With 2 telescopes, VERITAS 
was able to measure the 
size of Gamma and Kappa 
Orion

2T baseline is constant, but 
the Earth rotates, modifying 
the projected telescope 
distance (~50 → 170 m)

4T system ready:
Simultaneously gathering
N(N-1)/2 baselines
(resolution ~ 0.6→2 mas )

N. Matthews APS April Meeting 2019
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MAGIC: V. A. Acciari et al. 2019
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Introduction to SII Imaging

u, v plane coverage Reconstructed image

VERITAS
2T system

1-baseline 

Strong assumptions
required

1-mas star model

Direct optical measurements with IACTs     |    T. Hassan    |   17 – 12 – 2019

Idealized!
(ignoring S/N)
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u, v plane coverage Reconstructed image

VERITAS
4T system

“Some” assumptions
required

6-baselines

1-mas star modelIntroduction to SII Imaging
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Idealized!
(ignoring S/N)
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Reconstructed image

CHARA
6T system

“Some” assumptions
required

15-baselines

1-mas star modelIntroduction to SII Imaging

u, v plane coverage
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1-mas stars are
too small for 

CHARA imaging

Idealized!
(ignoring S/N)
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Intensity Interferometry with CTA

● SII with CTA-South baseline array:
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Intensity Interferometry with CTA

● SII with CTA-South baseline array:

A single observation could simultaneously sample
all baselines from ~50 m to ~ 2 km
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●  If we have enough coverage of the u,v 
plane, we can perform “model 
independent” imaging:

Introduction to SII – Imaging

u, v plane coverage Reconstructed image

CTA-N
19T system

Approaching model 
independent imaging

171-baselines

1-mas star model
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Idealized!
(ignoring S/N)
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u, v plane coverage Reconstructed image

CTA-S
99T system

Full model 
independent imaging

4851-baselines

1-mas star modelIntroduction to SII Imaging
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Idealized!
(ignoring S/N)
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● CTA will improve current optical resolution by a factor 10:

Optical Radio

Remember:
Resolution ~ λ/Baseline

Interferometry: Highest angular resolution
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Conclusions

● IACTs are world-class telescopes to study (very) fast optical 
astronomy (s → ms → ns)

● The high NSB they sum over a pixel, limits the magnitude they 
are able to observe (+ enormous source confusion), but when 
studying bright sources they are extremely competitive

● Asteroid occultations allow ~100 μas scale measurements 
(highest resolution ever reached in the optical)

● Intensity interferometry is the only known technique 
(realistically) scalable to baselines > km, and IACT arrays are 
the ideal instruments to carry out these measurements
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Thank you!
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IACTs as optical detectors – MAGIC
MAGIC

● 2 IACTs – 17 m diameter

● FoV = ~3.5º

● VHE gammas E > ~50 GeV

(Optical) MAGIC

● 17 m diameter

● FoV ~ 0.1º

● Sensitive to optical photons 
(U band)

● Frecuencies 1 → 10⁴ Hz 

Sub-mas resolution measurements with IACTs     |    T. Hassan    |   25 – 09 – 2019
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IACTs as optical detectors

● IACTs showing excellent optical performance:

F. Lucarelli et al 2008, 
T. Hassan et al 2017,
J. Hoang et al (in prep)

● MAGIC is able to detect the 
Crab pulsar profile in less 
than 10 seconds

● MAGIC is able to detect 
optical ms flashes of about 
13th magnitude

● VERITAS sensitivity is 
slightly worse 
(smaller reflecting surface + 
bigger pixels)

● VERITAS is DC coupled 
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IACTs as optical detectors

● Scintillation vs telescope aperture:

Sub-mas resolution measurements with IACTs     |    T. Hassan    |   25 – 09 – 2019
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Current generation of 
interferometers
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Optical Phase Interferometry

(K ≡ infrared at 2.2 μm)
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Optical Phase Interferometry

VLTIVLTI
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Optical Phase Interferometry

VLTIVLTI
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Occultation analysis – The basics

● Apart from the star size, the following variables are the main 
parameters affecting the diffraction patter:

● Distance asteroid – Earth

● Speed of the shadow (shadow distance → time)

● Wavelength of the detected photons

● Time of occultation

● Occultation angle 
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Asteroid Cccultations – Orbital parameters

● Asteroid motions are very well known, and their uncertainties 
are very small → They will be used as fixed parameters

● Uncertainties on orbital parameters in the 1E-4% 
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VERITAS pixels – Optical photon wavelength

● The optical photon wavelength dilutes the diffraction pattern:

Note that this effect may 
be very similar to the 
effect produced by a 
”non point-like” star

Main source of 
systematic uncertainty

Needs to be studied in 
detail!
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VERITAS pixels – Optical photon wavelength

● Even if these curves are quite diverse, the effect over the 
diffraction pattern is not that significant:

There could be effects 
we are not taking into 
account that may 
increase this uncertainty

The good news are that 
the different shapes of 
these distributions 
dominate over the 
relatively small 
differences
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Occultation analysis – The basics

● The analysis of the diffraction pattern by asteroid occultations 
is mainly a fitting problem

● Given the large distance to the main belt asteroids (~4E11 m) 
and their small size (2-10E3 m) the difference between a 
straight edge and disc diffraction pattern is negligible
(See e.g. http://iopscience.iop.org/article/10.1086/301122/meta)

We will be using:

L: Distance to asteroid
λ: Photons wavelength

To convert distance to time:
v: Asteroid speed
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Occultations analysis – Implementation

● From many tests on the fitting process we concluded that:

● The most conservative (and risk free) approach to treat 
the occultation time and angle is as nuisance parameters, 
individually to each lightcurve 

→ No assumptions on the asteroid shape and 
roughness

● We should not rely on minuit (terrible error evaluation, 
black-box feeling frequently falling into local minima)

→ Full parameter profiling would be preferred 
(trivial calculation of contours, correlations, chi2...)
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Occultations analysis – Implementation

● Current analysis results:

● Individual Chi2 minimization for each star size value with 
2 free parameters on each diffraction patter (4 x 2)

Each min chi2 model
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Intensity Interferometry with CTA

●  SII with CTA-South baseline array:

A single observation could simultaneously sample
all baselines from ~50 m to ~ 2 km

Sub-mas resolution measurements with IACTs     |    T. Hassan    |   25 – 09 – 2019
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Introduction to Intensity Interferometry 

● Van Cittert-Zernike Theorem:

l

m

u and v are the spacial frequencies:

Sky coordinates Spatial frequencies

u = B
u
 /λ v = B

v
 /λ

B ≡ telescope pair(s) baseline

Sub-mas resolution measurements with IACTs     |    T. Hassan    |   25 – 09 – 2019
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Introduction to Intensity Interferometry 

● Van Cittert-Zernike Theorem:

SII measures the squared absolute value: 

Allows you to calculate the expected correlation vs u and v for 
a given source model I(l, m)

Phase information is lost, but can be recovered:
P. D. Nuñez et al, 2012, MNRAS, 424, 1006,
P. D. Nuñez & A. D. de Souza, 2015, MNRAS, 453, 1999
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Introduction to Intensity Interferometry 

● Van Cittert-Zernike Theorem:

Allows you to calculate the expected correlation vs u and v for 
a given source model I(l, m)
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Introduction to Intensity Interferometry 

●  Van Cittert-Zernike Theorem:

Allows you to calculate the expected correlation vs u and v for 
a given source model I(l, m)

(Just in 1D, for 
the moment)

Sub-mas resolution measurements with IACTs     |    T. Hassan    |   25 – 09 – 2019
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Science with SII – The sub-mas optical regime
● CTA will provide unprecedented resolution: ~ 1 to 0.04 mas

● This does not only mean that we will be able to measure 
more stars (farther away), it means we will study them with 
unprecedented resolution

SII with CTA |  11th July  | Tarek Hassan

B. Kloppenborg et al, 2010 Nature, 464, 870

https://arxiv.org/abs/1205.5743
https://arxiv.org/abs/1507.07635
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● CTA would be able to detect sub-structure within the occulting disc

Science with SII – Epsilon Aurigae-like

CTA-S no LSTs CTA-S with LSTs

2.
0 

m
a

s
2.

0 
m

a
s
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Science with SII – Epsilon Aurigae-like

CTA-S no LSTs CTA-S with LSTs

2.
0 

m
a

s
2.

0 
m

a
s

Short baselines allow to 
properly constrain the shape 

of the star

Long baselines allow to 
detect (for the first time)

finer structures

● CTA would be able to detect sub-structure within the occulting disc
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Science with SII – Stellar size and limb profile
● Measuring the stellar size of stars with enough precision is 
key for understanding exoplanets: their physical and orbital 
properties, atmosphere, habitability…

A. Crida 2018, APJ, 860, 112, T. Boyajian 2015, MNRAS, 447, 846, K. von Braun 2012, APJ, 753, 171

SII with CTA |  11th July  | Tarek Hassan

B. L. Gary

https://arxiv.org/abs/1004.2464
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Science with SII – Stellar size and limb profile
● Measuring the stellar size of stars with enough precision is 
key for understanding exoplanets: their physical and orbital 
properties, atmosphere, habitability…

● CTA will not only be able to constrain/fit limb darkening 
profiles of target stars, it could potentially be able to image 
transiting exoplanets 

SII with CTA |  11th July  | Tarek Hassan

A. Crida 2018, APJ, 860, 112, T. Boyajian 2015, MNRAS, 447, 846, K. von Braun 2012, APJ, 753, 171

B. L. Gary

2.0 mas 2.0 mas

Model Simulated CTA-S
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Science with SII – Stellar size and limb profile
● Measuring the stellar size of stars with enough precision is 

key for understanding exoplanets: their physical and orbital 
properties, atmosphere, habitability…

● CTA will not only be able to constrain/fit limb darkening 
profiles of target stars, it could potentially be able to image 
transiting exoplanets 

SII with CTA |  11th July  | Tarek Hassan

A. Crida 2018, APJ, 860, 112, T. Boyajian 2015, MNRAS, 447, 846, K. von Braun 2012, APJ, 753, 171

2.0 mas

Simulated CTA-S

Transiting exoplanets will be very small 
(high-res) moving targets (need high stats)

If an optical instrument can image them, 
that is CTA by combining LSTs + SSTs
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Science with SII – Stellar activity
●  Studying blue supergiants such as η Carinae:

● The most luminous known star in the galaxy, with an 
extremely turbulent history (and TeV emission!)

SII with CTA |  11th July  | Tarek Hassan

SN impostor

https://arxiv.org/pdf/1804.07537.pdf
https://arxiv.org/pdf/1411.5638.pdf
https://arxiv.org/pdf/1202.0083.pdf
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Science with SII – Stellar activity
●  Studying blue supergiants such as η Carinae:

● The most luminous known star in the galaxy, with an 
extremely turbulent history (and TeV emission!)

● Resolving η Car A is within CTA 
reach, and could help to constrain 
the extremely complex system

SII with CTA |  11th July  | Tarek Hassan

G. Weigelt at al, 2016

https://arxiv.org/pdf/1804.07537.pdf
https://arxiv.org/pdf/1411.5638.pdf
https://arxiv.org/pdf/1202.0083.pdf
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Science with SII – Stellar activity

●  Hot stars (O, B, A) are not expected to have spots (lack of 
convective layer). Kepler data seem to suggest flaring activity 
in A type stars

● Cool surface features of hot stars could prove, for the 
first time, such activity

● Additional evidence in Kepler data for the existence of 
exoplanets in orbit around rapidly rotating (spotted) A 
stars

SII with CTA |  11th July  | Tarek Hassan

L. A. Balona, Possible planets around A stars. MNRAS, 2014.

L. A. Balona, Starspots on A stars. MNRAS, 2017.

https://arxiv.org/pdf/1804.07537.pdf
https://arxiv.org/pdf/1411.5638.pdf
https://arxiv.org/pdf/1202.0083.pdf
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