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IACTs are ideal for Intensity Interferometry (I1): large segmented mirrors, fast

photodetectors, array configurations with long baselines.

But designed for -rays: not optimized for optical precision.

Low focal ratio (f=D  1-1:3) ) "fast” optics, large incidence angles (25 ).

* Consequences:
e Filter passbands shift with angle.
e Broad PSF (30 mm) limits angular selectivity.
e High photon rates prevent photon counting.

GOAL: Improve sensitivity, new angular scales, target spectral lines.
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From 13T Concept to Butterfly Implementation

I Pixels

I3T concept (Gori et al. 2021): turn an IACT Facets
into a diffraction-limited telescope of the Rl po

same diameter

MAGIC 2 will be used as setup telescope.

y (m)
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AL lhow & o o

Each sub-mirror sends light to its own pixel.

[}
|
*

e Narrower beam ) small incidence angles.

e Enables:
* Narrow filters without distortion.
e Reduced photon rate per detector.

2.5

e Use of fast, high-QE photodiodes (HPDs). 0o
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The Butterfly’s Eye Camera

e Each sub-mirror focused onto its

own pixel module. N\ imesame

\\ sub-mirror

e Pixel module:

* Narrow-band interference filter
(down to 0.5 nm FWHM).
e Hybrid Photodiode detector. g t=17m

parabolic
mirror

30mm@lens (&

e Incidence angles < 2 =

o
30 mm 9 filter

) filter flat spectral response. T

e Sub-mirrors aligned with Active
Mirror Control (AMC).
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Monte Carlo Simulation of the Photon Arrival Time

e Goal: Quantify optical time dispersion introduced by each Butterfly configuration.
e Approach: Monte Carlo ray-tracing of photons through MAGIC optical geometry.

Simulation inputs:

» MAGIC geometry: 17 m diameter parabolic mirror with 1 m? mirror tiles (facets).
e Mirror tile staggering: Gaussian distribution (= 3:5 mm).
e Optical PSF: 30 mm at the focal plane.

Photon propagation:

e Compute optical path length L; for each photon from the camera plane to a sub-mirror
and from the sub-mirror to the correspondent pixel.

Output:

e Arrival-time distributions for each pixel.
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Random Tile Stagger
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Butterfly Optical Configurations

Assumptions

Config  Area  Pixels

B1 1m2 250
B2 4 m? 64
B3 36 m2 7
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Butterfly Optical Configurations

1 m2 central submirror,

1000 central pixel

750 B1

Assumptions

Config  Area  Pixels

B1 1m2 250
B2 4 m? 64
B3 36 m2 7

Number of Photons

Photon Arrival Time (ps)
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Butterfly Optical Configurations

1 m2 central submirror,
central pixel

1000
750 Bl
500
Assumptions L, 230
=
Config  Area  Pixels £ -1 0 1
2 2 4 m2 central submirror, 4 m?2 central submirror,
Bl 1m 250 _é 20000 central pixel off-center pixel
2 2’ BN No Stagger B No Stagger
B2 4 m 64 15000 Stagger B2 Stagger B2
B3 36 m? 7
10000
5000
0 .
=50 0 50 =50 0 50
Photon Arrival Time (ps)
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Butterfly Optical Configurations

B1 B3
Assumptions ‘ Result
Config  Area  Pixels | FWHM
B1 I1m? 250 | <1ps

B2 4m? 64 80 ps B2 B2
B3 36m? 7 60 ps
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Butterfly Optical Configurations

Assumptions ‘ Result
B1 B3

Config  Area  Pixels | FWHM

B1 1m? 250 | <1ps
B2 4m? 64 80 ps
B3 36m? 7 60 ps

Optical time dispersion induced by
Butter y con gurations should be
compared with the Time Transit Spread of
the HPD we want to do the rst
observations with, that follows a
distribution with FWHM = 130 ps.

B2 B2
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Imaging Capability and Dense UV Coverage

e  Butterfly 1 (250 pixels) 1o e @e o o

15.0 : .
e Depending on the number and area °  Butterfly 2 (64 pixels) e
. *  Butterfly 3 (7 pixels) ®
of sub-mirrors the UV coverage 10.0 cioiofOT 000 i0b .
changes significantly.
5.0

e Many short baselines ) dense inner £ o0

>
uv coverage.
5.0
e Dense uv coverage ) better image 00
reconstruction.
-15.0

15.0 10.0 5.0 0.0 -5.0  -10.0 -15.0
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Optical and Photo-detection simulation parameters

e S/N scales as Pp-
* Photon-counting regime up to 100 MHz/pixel avoids pile-up.

Parameter MAGIC now Butterfly (HPD)
QE ( ( o)) 33% 45%

Optical E (q( o)) 0.304 0.304
Bandwidth (b,) 125 MHz 2.3 GHz

Filter FWHM 25 nm 0.5-2 nm

Noise Factor (F) 1.15 1.05

Spectral distribution ( ) 0.87 0.87
Sensitivity gain - 4-6 (2 magnitudes)
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Improvement in sensitivity

------ Dark-time sensitivity (20h) .
* MAGIC or LST Butterfly array ) }  Sensitivity during Full-Moon ~
improvement in sensitivity over the 107 * +
¢ A !
full range of UV. § v\P‘C:\// + .
. - Q - - g - ’ l/
* Plot Assumption: optical PSF of <02 A <%, v
. _ ) S <o
MAGIC and LSTs are identical D) WS @\@5‘*
impact of Full-Moon on LSTs t Pt
. e v
overestimated. 19
3 3 3 3 6 7 8
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Expected Scientific Reach

e Angular scales:

e Single telescope: 2—40 mas
e Arrays: <100 as
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Expected Scientific Reach

e Angular scales:
e Single telescope: 2—40 mas
e Arrays: < 100 as

e Science cases:

e Stellar diameters (1% accuracy).
e Fast rotators: oblateness, disks.
e Novae/SNe shells.

Surfaces of red giants/supergiants.
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Expected Scientific Reach
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Conclusions

e We propose the design of a new camera for SlI with IACTs

e It solves some of the main technical challenges of the SII IACT technique:

e Collimates the beam, dramatically narrowing optical passband (target lines)

e Reduces photon statistics allowing for next-gen photodetectors in photon-counting mode
(improved TTS)

* Allows covering short baselines, to study sources in the 2 - 40 mas
e Improved bandwidth dramatically boosts sensitivity ( 2 mag fainter targets)

e Paper published soon (already under review) and first on-sky test observations
happening soon.
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Expected Scientific Reach. HR diagram
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Time arrival distributions. Butterfly 1

1 m2 central submirror, 1 m?2 central submirror,
1000 central pixel off-center pixel
500
2
2
£
A~ 0
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= 1 m? edge submirror, 1 m? edge submirror,
é 1000 central pixel off-center pixel
Z
500
E— 0 1 -1 0 1

Photon Arrival Time (ps)
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Time arrival distributions. Butterfly 2

20000

15000

10000

5000

20000

Number of Photons

15000

10000

5000

Sl Workshop 2025

4 m? central submirror,

central pixel

4 m2 central submirror.
off-center pixel

s

B No Stagger I No Stagger
Stagger Stagger
|
4 m2 edge submirror, 4 m2 edge submirror,
central pixel off-center pixel
I No Stagger I No Stagger
Stagger Stagger
[ 1
=50 0 50 =50 0 50

Photon Arrival Time (ps)
Fernando Fr as Garc a-Lago (IAC /7 ULL)

22



Time arrival distributions. Butterfly 3

36 m? central submirror, 36 m? edge submirror,
20000 central pixel central pixel
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sub-mirrors location
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Science Case: Novae/SNe shells

Without Butter y con guration, with the available Simulation of observations (5h long) of a 6 mag nova

baselines there was a limitation of at a distance of 1.5 kpc with the MAGIC
1 mas in angular size. Butter y 1 con guration.
5
Simulation of observations of a 5.5 mag nova at a distance of 3 kpc 6 /\k’\——fﬂ\/\’_/
with MAGIC + 4LSTs 7
2.00 e g
—— Shock velocity 200 km / s =9
L75 Shock velocity 2000 km / s 101" —— Continuum — Hg
s/ — Shock velocity 6000 km /s 1
g Baseline too large to determine diameter.
g8 | o, oo CE T 30 Vimaj: 1.15 mas/d.
L5 t MAGICH+4LSTs 10 min measurements 30 maj masicay
% l _ Vmin: 0.38 mas/day
R = L é 25 {  Continuum observations
E 07 /+, = 520 t  Hpg observations
S 5
E] = E
< 050 e £15 [ }
et ' 5 -4
0.25 P g 10 E}
’./-/’ ' +— ‘ : T - N é _&“‘?‘/ .....
0.00 3 3 3 8 10 5 ‘;‘3»' E E E E ..... {
Time since eruption [h] g % 1 g E ii
. 0 r
From A. Cifuentes Santos at SEA 2024. 0 2 4 6 8 10 12 14 16 18

Time since outburst [days]
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Science Case: Fast rotators

10.0

e 4 LSTs Butterfly
MAGIC Butterfly 1 (stars)
MAGIC Butterfly 1 (disks)

e Short 2.5 h observations
e Under high Moon illumination
e DEC 35 deg
MAGIC Butterfly 1:
* Viag 4
e 2 mas < 40 mas 1.0+
4 LSTs Butterfly 3: /
®* Viag 6 1A “

e 0:3mas< <2 mas S e
emajor[mas]

©minor [mas]
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Signal to Noise Ratio

The S/N that is expected for a given correlation signal is reflected in the following
equation, where the NSB effect is also accounted:

S=N=A g n jv3d) vb F ! /T=2 1+ )*?

e A: mirror area b : effective cross-correlation electrical bandwidth

e ( 0): quantum efficiency e F: excess noise factor of the PMTs
* g( o): optical efficiency e T: observation time
e n( o): stellar differential e : average background to starlight ratio
photon flux e : normalized spectral distribution of the optical
» jV2j( o;d): squared visibility passband
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Random Tile Stagger in MAGIC 1

Apart from the described Random Tile Stagger present in MAGIC 2, MAGIC 1 tiles follow a more important
chesshoard stagger MAGIC 1 not re ected in the simulations.
Image: Alicia Lopez Oramas
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