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Some Background

. Until ~900 astronomy only in the visual bands
and human eye only detector:

- A4000-7000 A

- Resolution ~ arcmin

- Field Of View (FOV) ~ 160 deg
- Depth ~ +8 mag



Improvements

Telescopes and detectors have revolutionized the
field

. Angular resolution
. Depth
. Surface Brightness

. Frequency Range



April 5 April 6 April 10 April 11

w v v v
= & " @

o0 nas

Event Horizon Telescope ~50 uarcsec




Improvements

. Angular resolution
. Depth
. Surface Brightness

. Frequency Range



Hubble Extreme Deep Field ~ 22 days!! — 31 mag




Improvements

. Angular resolution
. Depth
. Surface Brightness
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Dragonlfy

van Dokkum, Pieter G.; Abraham, Roberto; Merritt, Allison (2014)
reached ~32 mag/arcsec?!! Significantly below current limit of 29 for normal telescope (due to nanotechnology improvements)



Improvements

. Angular resolution
. Depth
. Surface Brightness

. Frequency Range



banda sotto- A

banda

(non oss.) >30m
RADIO | radio 30m — 3cm

microonde 3cm — 1lmm
sub-mm Imm — 300u

FIR 300 — 304
IR MIR 30u — Hu

NIR 5. — T000A
ottico 7000A — 4000A
(visuale)

NUV 4000A — 3100A
UV soft UV 3100A — 912A

EUV 912A — 100A
X soft X 100A — 10A

hard X 10A — 0.02A
v <0.02A

A assorbimento osservazioni
> 300m plasma interplanetario opaco
> 30m ionosfera (satellite)
30m — 3cm finestra radio da terra
3cm — 1lmm H>0 e O alta montagna
Imm — 10u H>0, Oy, COq pallone o satellite
850u e 450 finestre sub-mm alta montagna
10p — 7000A | H50, molte finestre alta montagna
7000A — 3100A | finestra ottica da terra
3100A — 912A | O satellite
~912A H1T galattico quasi opaco
< 100A ionizzazione di stratosfera | satellite
< 0.02A scattering Compton etc. satellite
E > 100GeV | creazione di sciami da terra
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banda oggetti meccanismi
visibili di emissione

radio galassie, AGN, sincrotrone, maser HoO
pulsar, SNR
HJt riga 21 cm

mm e sub-mm | Galassia bremsstrahlung (7' ~ 10* K)
CMB cosmologico

sub-mm polveri emissione termica (7T ~ 50 K)
nubi molecolari righe di emissione molecolari

FIR, MIR polveri emissione termica (7" ~ 50 K)
nubi molecolari righe di emissione molecolari

NIR stelle K-M emissione termica (71" ~ 3000 K)

ottico stelle, AGN emissione termica

e NUV regioni HI11 fluorescenza

soft UV stelle O-B emissione termica (7' ~ 10* K)
corone stellari bremsstrahlung (7' ~ 10° K)
regioni HII fluorescenza

EUV e X corone stellari bremsstrahlung (7' ~ 10° K)
ammassi di galassie | bremsstrahlung (T ~ 108 K)
pulsar, binarie X, Compton inverso,
AGN e SNR sincrotrone

vy GRB, AGN, pulsar | annichilazioni, decadimenti,

sincrotrone, Compton inverso




Information Content of Radiation

The rate of arriving photons or flux

o Constraints on luminosity given assumptions about emission geometry
o Periodicity or variability in sources reveals physical nature

The arrival direction or shape of source

o Resolved versus unresolved- diffraction limit and atmospheric effects
o Nature of resolved sources

The photon energy distribution or spectrum

o Composition of source — atomic features
o Temperature of source- blackbody or bremsstrahlung
o Line of sight relative velocity of source or redshift

The polarization of the photons

o Presence of magnetic fields with preferred direction
o Scattering of dust grains



Optical/UV and Infrared



Image Formation

Incoming parallel light from distant
source focused to a point in the
focal plane

o LensDiameterd 3
o Focallength f, e ; u
o Focalratior=f/d {t/3 has x=3) ol Focal Plane

vy

Focal point varies with angle of
Incoming light

s=tana f, =af,
Plate scale P, [rad m or “/mm]

pa L

S L .
Energy deposifedfper pixel scales

as FoV = 2 . arctan (if)

2
E d\' (d 1 Fast optical systems:
p o =5 ol T large Field of View (FOV)

smaller optical systems per mirror d



Telescope Configurations

CcConvex Lens
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Refracting Telescope
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Due to practical limitations in lens manufactury all modern
telescopes are reflecting telescopes.



Telescope Configurations

Elements: Primary,

Secondary, Tertiary

o defined by the path incoming light
takes

Refractor telescopes

o suffer from chromatic aberration
o Impossible to support at large d
o Largest ever made in Yerkes

Observatory (Wisconsin, USA) in 1895:

40in

Reflector telescopes

o Primary mirror: detector at primary
focus

o Cassegrain has focusing secondary
mirror, prime focus behind primary

o Newtonian has a flat secondary and
focus to the side

(a) Refracting lens (b) Reflector: primary focus

////
%

/ ek at primary focus

Film or CCD

Reflecting surface
(primary mirror)

(c) Cassegrain focus (d) Newtonian focus

AR N/

Secondary
MIITors:

Primary

. IT¢
Cassegrain MO

focus

(e) Grazing-incidence reflector (x rays) (f) Grazing-incidence focusing




Additional Configurations

Nasmyth focus uses focusing
secondary and a (rotating)
flat tertiary; focus lies to side

just above the primary

o Convenient in alt-az telescopes with
massive instruments (VLT)

Coude focus has very long
focal length and uses an
additional mirror to fransport
the focus to a nearby
Instrument- typically a very
stable spectrograph in
temperature controlled
room

Nasmyth

Coud'e




Parabolic vs Spheric

e Parabolic surface focuses |7 e g g
all parallel, on-axis rays to
a single point

o Off-axis incoming light is not
perfectly focused

« Spheric surface does not
focus to a single point,
but the aberations are
Independent of off-axis
angle!




The VLT: Four Foci on an 8.2 m Telescope

One Cassegrain, one Coudé and two Nasmyth foci.



A better view




Northern Telescopes

Table 5.1 Large ground-based optical telescopes in the northern hemisphere
Latitude Altitude Site Country Diameter Remarks Date
[m] [m]
47°N 2070 Zelenchuskaya  Russia 6 Altazimuth 1972
(Caucasus) mount
42°N 2500 Xing Long China 4 LAMOST 2007
siderostat
37°N 2160 Calar Alto Germany 35 1981
(Spain) and Spain
34°N 1706 Palomar USA 5 First VLT 1948
(California)
32°N 2130 Kitt Peak, USA 3.8 Mayall 1974
Arizona
3266 Mt. Graham, USA, Italy, 2 X8.2 LBT 2007
Arizona Germany
30°N 2076 Mt. Locke USA 9.2 Hobby-Eberly 1997
(Texas) fixed elevation
28°N 2370 La Palma UK 4.2 WHT 1984
(Canaries) (Herschel)
Spain 10.4 GranTeCan 2008
19°N 4200 Mauna Kea UK 3.8 Infrared 1979
(Hawaii) UKIRT
Canada, 3.6 CFHT 1974
France,
Hawaii
USA 2x10 Keck I and II 1994
(CalTech)
Japan 8.4 Subaru 1999
USA (NSF) 8.0 Gemini N 1999




Southern Telescopes

Table 5.2 Large ground-based optical telescopes in the southern hemisphere

Latitude  Altitude  Site Country Diameter =~ Remarks Date
[m] [m]
23°8 2650 C. Paranal (Chile)  Europe 4% 8.2 VLT 1998
4 VISTA 2008
29°S 2280 Las Campanas USA 2X6 Magellan 2002
(Chile)
29°S 2430 La Silla (Chile) Europe (ESO) 3.6 1977
35 NTT 1989
30°S 2700 C. Tololo (Chile) USA 4 Blanco 1974
2738 C. Pachon (Chile) @ USA 8.1 Gemini S 2001
Brazil and USA 4.1 SOAR 2005
32°S 1500 Sutherland South Africa 11 SALT 2005
(South Africa) and others
34°§ 1165 Siding Springs Australia 3.9 AAT 1974

(Australia) and UK




Optical/NIR Detectors



Photographic Plates

Coma Cluster in POSS2 Red

Photographic plates have been used
to image the sky and to obtain
spectra of astrophysical sources over

the past CpﬂTUI\/
Palomar u& S\ Survey (POSS)
UK Schmidt So rn Sky Survey

A light sensitive emulsion is applied to
glass plates

Plates are exposed and each
absorbed photon results in a
chemical change in a molecule of
this emulsion; plates are then
developed in a chemical process

Plates have non-linear response,
because probability of detecting an
Incoming photon depends on density
of light sensitive chemical in plate. As
light is absorbbed this density falls and
the plate becomes less sensitive

Plate surveys are digitized and available through simple web interface
http://archive.stsci.edu/cgi-bin/dss_form



Charge Coupled Devices

High linearity and broad
wavelength sensitivity have made
CCDs the detector of choice in
opftical astronomy

CCD surface is divided into rows
and columns of pixels with
characteristic size ~15um

Typical sizes are 2048 to 4096 on @
side, corresponding to physical
extents of ~2.5cm

Nowadays large sky cameras are
built from large arrays of CCDs,
enabling efficient mapping of

Hyper-Suprime-Cam built
large portions of the sky for the Subaru Telescope



CCD Exposure and Readout

ARG S L e ¥

_ How charge is read out
CCD of the FORS1 instrument

During exposure collect photo-electrons
Move charges along columns in serial read-out register

>

-

» Transfer to read-out amplifier

» Digitize output voltage (typically 16-bit ADC)
>

Store data



CCD Utility to Astronomy

CCDs are extremely sensitive with guantum efficiencies
reaching 80% or higher

o Compare to photographic plates or the eye that are ~1%

Sensitive to photons over a broad range of energies
(>1.11eV or <1.1um, the silicon band gap)

Linear response over dynamic range of 10°
o Compare to photographic plates that are linear over dynamic range of 102

Quantitafive astronomy of extended sources suddenly
possible

Large sky surveys undertaken employing CCDs
o JSloan Digital Sky Survey, Pan-STARRs1 and now Dark Energy Survey



What do CCD data look Like?




27 . Dienickx

THE HAZARDS OF A PHOTON’S iFE

1. Atmospheric turbulence 2. Dome seeing
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4. Surface errors

@,

189092

INSTITUT FUR ASTRONOMIE UND
UNIVERSITA TS-STFRNWARTE
ASTROPHYSIK DER. UNIV. MUNCHEN

3. Mirror seeing

7. Misalignment

6. Coating efficiency

5. Dust & surf. cleanliness

# @!! %$ @z

_@ﬁ{?

8. Guiding errors




What do CCD data look Like?

« Raw images from a given CCD typically
have unwanted structures DECam Image

Two readouts, each with a different bias level

Grooves from either the filter or from CCD itself

Bonding points

Dead or bright columns

In addition, cosmic rays, scattered light, satellite frails, etc

o 0 0O 9 O

« Coadd images are science ready data

o Combination of precisely calibrated single epoch images
o Stitched together or coadded to create high quality image

e PEGHm Coadd

‘.




What about IR?

« The silicon band gap
makes it iImpossible 1o
use the standard silicon
pbased CCD at
wavelengths beyond
~Tum

« Hybrid Complementary
Metal Oxide
Semiconductor

(CMQOS) devices are

well |t for infrar Hubble IR Image of Tarantula Nebula
Rl leC 1O : area IJH bands Wide Field Camera 3 and
photon detection

Advanced Camera for Surveys




CMOS Detectors

CMOS devices are IR sensitive, large

format arrays 20
15 -
Each pixel has separate readout, and s il |{ /
reads need not be destructive < 10 mers
&
Couple photodiode made from 5 0
material that is photosensitive at the ::: -
desired wavelength (HgCdTe) to a i
silicon readout circuit; thus referred to as . | | | |
Hybrid devices 0.0 02 04 06 08 10
Hg,..Cd,Te Cd fraction

Sensitivity to low energy photons then

requires low operating temperatures to HgTe is semimetal and CdTe is

suppress Thefmol noise (or dark current) semiconductor. By adjusting Cd
o LN2 (77K) at A<2.5um

o LHe (4 1o 20K) at A>2.5um fraction one can tune the
wavelength sensitivity of the
HeCdTe arrays

—



What do IR data look like?

Ground based IR images look like

noise

o Sky is so bright that the exposures must be very
short (~10s)

o Large series of images are taken with small
dithers

o JSky is subtracted and images are coadded as
with CCD images

From space the background is much
lower, but there is a higher particle
background (cosmic rays)

Similar processing steps are required
as for CCD data.

HST NIR raw image

ST NIR calibrated image ** 4



Photometric Passbands
« |n Optical and NIR

photometry one often U 365 66
encounters measurements B 445 94
INn parficular passbands
\Y 551 88
» To therightis alist of the R 658 138
standard broad band filters [ 806 149
Z 900
N band filt Y 1020 120
« Narrow band filters are
often used to seek particular J 1220 —
spectral lines or features H 1630 307
and/or fo improve
constraints on the spectral K 2190 390
energy distribution of L 3450 472
sources
M 4750 460



Ground vs Space

Angular resolution

1 | » For space-based or
84% of light

in Airy disk small ground-based

telescopes the

. angular resolution is

limited by the

| diffraction of the
\./_\,a_ telescope aperture.

(6/2)
42

Airy pattern is described by 674} with minima at 1.22nA/D.
» Rayleigh criterion for resolving

two point sources:
AO > 1.22\/D

» 20% drop in intensity between
both sources




Ground vs Space

Ground-based Point-Spread Function (PSF)

» For large ground-based telescopes
the PSF is a function of atmosphere,
rathern than telescope optics.

f"f?:\g;y;{ | » The “seeing”, the FWHM of the PSF,
L Is given in arcseconds. 0”3 is very
I good, 2” is bad. Weak lensing
requires < 1”.

Radius

The radial profile is described by a Moffat profile

/
) = 52 /pey +B

The free parameters are the width of the PSF R and the Moffat
parameter 3.




Extremely Large Telescope

M2 Hyperboloid
/18 M4 Flat pupil
10' FoV Adaptive
MS5 Flat
Tip - tlt
/|
P M1 Ellipsoid 39m-/0.9
M3 Spheroid
. Primary 39 m
. 2 Nasmyth platforms for instrumentation
. Adaptive Optics

First Light 202877




James Webb Space Teles%ope

. Primary 6.5 m
. NIR/MIR
. Launched 2021




Primary 1.2 m

Very Large FOV
Optical/NIR
Imaging/Spectroscopy
15,000 deg2 survey
Launched July 2023




LSST — Vera Rubin Observatory

The LSST Camera The LSST Optical Design

8.4-meter primary; 3.4-meter convex
secondary, and 5.0-meter tertiary mirrors

6.7-meter diameter clear aperture equivalent

3.5-degree diameter circular field of view (9.6 square degrees)

Total light throughput (“A-Q” product) = 3\9 m?. ég'rev b
Today’s typical 4-meter telescope =4 m? « - Deg ree?l

63-centimeter diameter flat focal surface

World’s largest optical astronomy detector array:
63-centimeter diameter focal surface
(>3200 square centimeters of detector area)
3.2 billion pixels at 0.2 arcseconds per pixel

High device count :~200 detectors
(based on 4k x 4k pixel arrays with 10 micron pixel pitch)

Tight dimensional requirements:
less than +5 microns total flatness deviation

Two-second readout time 3.4m Secondary

Filter exchange mechanism in highly constrained space ‘ -
Very large transmissive optics (first lens diameter = 1.6 meters) Rl . 3 Camera Optics

LSST probes 100x fainter while enabling exploration of the time domain

"R En

& ' ' e L{uaum Lumuu[ﬁs_; access to data

- _ B B w '1{ u . Transformative publicaccessiand outreach —
. ‘ca. 2000 SDSS €a.2020 LSST 23 R E ; .
i " A (Digital) eumumf:.umummm Data Opento US;Chileland International Contributors . Sam e
ﬁ' . == PN D DEPARTRIENT OF P. ‘ h CHARLES AND LISA SIMONYI FUND ‘ '
L ——- 0 e - L . >
}F;* AURA L .2 ENERGY Ol NS
X

Financial support for LSST comes from the National Science Foundation (NSF) through Cooperative Agreement No. 1258333, the Department of Energy (DOE) Office of Science under Contract No. DE-AC02-765F00515, and private funding raised by the LSST Corporation. The NSE-funded
LSST Project Office for construction was established as an operating center under management of the Association of Universities for Research in Astronomy (AURA). The DOE-funded effort to build the LSST camera is managed by the SLAC National A€celerator Laboratory (SLAC).

Primary 8.4 m
Very Large FOV (~10deg2)
Optical/NIR and time domain

18,000 deg2 survey
First light 2025!




X-rays and y



X-ray Retlective Optics

« Grazing incidence mirrors needed, because X-rays are readily
absorbed by metals

« Wolter type X-ray telescope-

© O O O

Two reflections required to focus- each at ~89degree from the normal
Concentric telescopes of different radius provide a focusing mirror

X-ray mirrors are traditionally quite massive

Off axis aberrations controllable (but problematic), focal lengths are long

Parab0101d
erb0101d
H g
Incndent ray 2

Focal

:’5/




Image Quality

» Efficiency of scattering depends on photon energy
o Higher energy photons scatter only at the highest incidence angles

* |Image quality

o Not related to diffraction limit, which given small wavelength would be
incredibly small

o Defectsin crystalline structure of metallic mirror surfaces and alignment
of the concentric telescopes are key to the delivered resolution

Observatory Energy
[keV]

Einstein 0.28 10” 25"

3 20” 25" 40" -
Exosat - 18” - - 40”
ROSAT Ii S B 7 26"
XMM 2.5 20” - - -

Chandra - <1” 2 o 20¢



X-ray Detectors- CCDs

CCDs are excellent X-ray Top view Pixel

detectors 7/

o Devices are similar to those we discussed

for the optical

-

Function

o Eachincoming photons produces many

electrons rather than a single electron

o Eventis typically spread over multiple

neighboring pixels

o Mean position of charge distribution gives

incoming position of the X-ray

o Sum of the charge gives the energy of

the X-ray

o Detectors must be read quickly... two

events overlapping in pixel space (pile-

up) cannot be separated

These are the detectors of | x

T VS VN Y iy T T Y VT O e O o o S R P W A o 2 Al

choice for XMM and
Chandra T

Row
Column




1.5 keV

Rosat All Sky Survey
M.J.Freyberg, R.Egger (1999)



eROSITA Survey Mission

« / Independent telescopes

o Each with ~30 concentric, nested
Wolter grazing incidence mirrors

o Each has 1 deg diameter FOV
Each has collecting area of ROSAT

Each delivers ~30" angular
resolution

o Eachis coupled to a position and
energy sensitive detector

g AII Sky Survey
eROSITA will operate at L2

o Satellite rotates around axis
defined by it and the Sun, scanning
the sky that is ~90° from the Sun

o Complete sky survey each 6
months due to Earth’s orbit




eROSITA Survey Mission

eROSITA-DE Data Release 1 (DR1)
31/01/2024 !!




Astro-H (2016) 5 eV vs 100/150 eV

Hitomi SXS position Perseus Galaxy Cluster
X-ray Spectra

Approximately
195,000 light-years
Nickel XXVII
Iron XXV
Iron XXV Iron XXIV | i
Hitomi SXS ‘
=
Suzaku XIS | S
Ow
O ©
c 3
| g8
=
e
N -
Sk
S
o
o & -
o= 4
a e Neutral iron
fluorescence line Iron XXVI =
Chromium XXIII Manganese XXIV w ! L
MV\/\'WV\”’A‘*“AV"*W‘/\—H—»\«J'\\W\/\/‘ LVWW JJJ\ j\
= B FRSSPTL NP | SRR

Observed energy
(keV)



XRISM (2023)

XRISM IN A NUTSHELL

XRISM is a JAXA-led mission. .

In return for providing hardware and

scientific advice, ESA will be allocated

8% of XRISM's available observing time. .
Liiill

& &% -
UL L [ HHUI ] . .‘. :

Sciéntiﬁc a dvige

Hardware

Lat;nch

XRISM will launch on a H-IIA
rocket from the Tanegashlma'
Space Center in Japan

0’
NOVEL

Its expected lifetime is at least
three years

Resolve

Two science mstruments

Resolye: measuring the temperature
and dynamics-of X-ray emitting, ObJECtS

|mag|ng extended X-ray
emlttlng celestial sources and
their surroundings

;54#64 Qesa
K‘ey questions

How did clusters of galéxies

. ® @Q form and evolve?

@ @- How did the Universe produce

s and distribute .chemical elements?

What does the structure of

@ spacetime look like under

. intense gravity? .

\ -How do massive black holes
» affect star formation in their
host galaxies?



XRISM (2023)

I T T T T I T T T T [ T T T T I
w
I Fe XXV He a complex i
s z=0.0176 -
| Oww =164+ 10 kms™' J
T | 1
2 Y e Doppler broadening
XRISM IN A NUTSHELL "'3 1r N
. : g L =
8
s I q
XRISM is a JAXA-led mission.
In return for providing hardware and Suzaku CCD spectrum
scientific advice, ESA will be allocated &
8% of XRISM's available observing time.
0 ‘
@ 6.4 6.5 6.6 6.7
@ @ 0@, . The Hitomi spectrum of the Perseus Cluster, showing the power of microcalorimeter
g , X-ray spectroscopy. The previous best X-ray spectrum of this object is the Suzaku
‘ (0 MW . spectrum, shown in blue.
Hard ientific advi ' :
b Sc'ent,' cadvgs Parameter Requirement Goal
Energy Resolution 7 eV (FWHM) 5.0eV
L ‘h Energy Scale Accuracy t2eV +0.5eV
aunc 7
. Residual Background 2 x 10 counts/s/keV | <1 x 102 counts/s/keV
XRISM will laginch an a HITA Field of View 2.9 x 2.9 arcmin same, by design
rocket from the Tanegashlma'
Space Center in Japan - Angular Resolution 1.7 arcmin (HPD) 1.2 arcmin
e Effective Area (1 keV) > 160 cm? 250 cm?
Its expected lifetime is at least .
three years &%/ Effective Area (6 keV) > 210 cm? 312 cm?
: Cryogen-mode Lifetime 3 years 4+ years
Operational Efficiency > 90% > 98%




y-Ray Telescopes

Public Data Release: Fermi LAT Collaboration:
All y-ray data made public ~400 Scientific Members,
within 24 hours (usually less) NASA / DOE & International
Contributions
cem U0 [0 o =

Si-Strip Tracker:
convert y->e*e
reconstruct y direction
EM v. hadron separation

Hodoscopic Csl Calorimeter: |
measure y energy
image EM shower
EM v. hadron separation

Anti-Coincidence Detector:
Charged particle separation

Sky Survey: Trigger and Filter:

With 2.5 sr Field-of-view LAT Reduce data rate from ~10kHz
sees whole sky every 3 hours to 300-500 HZ




. Fermi-LAT Full Sky

. 20 MeV - 300 GeV
. Angular Resolution < 3.5° (100 MeV), < 0.15° (>10 GeV)




Cherenkov Telescope Array

http://cta-observatory.org
Gamma ray studies up 1o 300 TeV

CTA Southern Site: 4 LST _+ 25 MST + 70 SST (20 GeV - 300 TeV)
CTA Northern Site: 4 LST + 15 MST (20 GeV - 20 TeV)

LST focus on low ene yammas (<100 GeV), MST in
(100GeV - 10 TeV) and SST focus on higt )y (3

LST (4.5° FoV, 23m), MST (7° FoV, 12m), SST (9° FoV, 4m),

g,

0 arcmin (68% region ha

\
Y -ray enters the b Primary Northern Hemisphere
atmosphere

7=

Electromagnetic cascade

4»

10 nanosecond snapshot

0.1 km? “light pool”, a few photons per m?.




Cherenkov Telescope Array

;’f“}- <
AN Charged QCQ —@— Fluka gamma 500 GeV
. particlesin & [ > T o ks garoma 200 GoV
. anair > 10° e
= = —=— Fluk 80 GeV
P shower g 3 e 50 GV
A ° Fluka gamma 30 GeV
A c ~ —r— Fluka ma 10 GeV
e]
© 10 EmummmmmIIDE;. .
e f.m[% Cherenkov photon
_ o) - g -
Chereriko? £ b Wty g, densities on ground
7 ’ a - : TR g7y
emission = g
(&) H Jm:‘m:ﬂf
angle =3 :
depend on - .
o AR M0, -
atmOSpherIC_"f‘; ) 1 | | | | { 'H -|-|—u+|+|~v.|-u-u+|., .
density L 50 100 150 200 250 300 350 400 450 500

distance to shower [ml

Cherenkov light from air showers:
weak (~10 ph/m?), short (~ns),
blue (300-550nm) flash of light




The HERMES mission

High Energy Rapid Modular Ensemble of Satellites

(a nanosatellite swarm monitor for GRB & High Energy GW counterparts) Scitiillathi G

detector
GRB statistics
Average GRBs: 300/yr / I '
Bright GRBs:  30/yr |
GRB structure: duration 0.2+20 s, shot noise T = 1 ms, rate = 100/s
Instrument » /
N =50/100 Nano Satellites (Modules) in Low Earth Orbit 0 7 ,1
Average separation between Modules: 6000 km V o
Module (weight < 10 kg) T

5 Detectors

Field of View of each Detector: 2 steradians

GPS absolute temporal accuracy < 100 nanoseconds
GPS based Module positional accuracy: <10 m

Detector
Scintillator Crystals: CslI (classic) or LaBr, or CeBr, (rise — decay: 0.5 — 20 ns) . solar panel
Photo-detector: Silicon Photo Multiplier (SiPM) or Silicon Drift Detector (SDD) !

Effective area: 10 x 10 cm

Weight: 0.5/1 kg

Energy band: 3 keV — 50 MeV

Energy resolution: 15% at 30 keV

Temporal resolution: < 10 nanoseconds

Mission performance

Accuracy in delays between Average GRB lightcurves of two Modules
(cross correlation techniques): 0.09+8.7/0.06+6.1 usec for Average GRBs
Continuous recording of buffered data

Triggered to ground telemetry transmission

IRIDIUM constellation for trasmission of TOA of GRB (position after few minutes)
Range of accuracy in positioning of GRB: 0.80+78/0.53+54 arcsec
Modular structure: overall effective area 1 m? every 100 modules

Pl Fabrizio Fiore — OATs - http://www.hermes-sp.eu/




Radio and mm



Effelsberg 100m

Single dish radio telescopes
composed of:
o Large primary

« Surface accuracy determines limitations
in term of frequency (A/20 typically
needed)

o Receivers (Detectors) at prime focus
Multi-pixel receivers not so common

Generally operate at diffraction
limit
o Imaging resolution determined by A/D

o D=50m, resolution=4 arcsec at Tmm, >1° at
Im

Turbulence in atmosphere less of a
problem than in opftical

o Atmosphere becomes serious background at
mm wavelengths

Located near Bonn



Primary Beam and PSF

Peak sensitivity is in direction telescope points, and it
falls off with off axis angle

Exact shape of the primary beam depends on the
structure of the antenna as seen by the incoming A
radiation ®FWHM ~].2] —

D

This primary beam defines the point response function
or PSF in the limit of diffraction limited imaging

0’'=0
(© (max. area) (d) *
o - Power
0 FWHM
_..1,
Length prop. .
to e%gfecgvep | | Sidelobe

Side lobes aperture at
angle 6’ 0 0’5 Y




Green Bank Telescope

« Largest steerable radio

telescope
o 110mx90m
o Off-axis parabola

o Removes thermal noise from secondary
superstructure and simplifies point
response function

 Robert C Byrd Green Bank

Telescope (GBT)
West Virginia, first light 2000

o Replaced previous 90m (1962) that just
collapsed one day

o Mapping sensitivity is good with new
multiplex detectors

o Site is suboptimal for mm-wave because
of water vapor in these very green
mountains




Arecibo

« Largest single dish
telescope at 305m

o Constructed in 1960
o Spherical mirror

« Secondary assembly

adjustable

o Tracks sources through
movement of detectors at prime
focus- ~2.5hrs

o 40 degree cone of visibility
3” resolution
« Key science: pulsar
searches, Hl mapping
and redshift surveys,
searches for
extraterrestrial life




Arecibo

« Largest single dish

telescope at 305m

o Constructedin 1960
o Spherical mirror

« Secondary assembly

adjustable

o Tracks sources through
movement of detectors at prime
focus- ~2.5hrs

o 40 degree cone of visibility
3” resolution
« Key science: pulsar
searches, Hl mapping
and redshift surveys,
searches for
extraterrestrial life
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SRT

Sardinia Radio Telescope

e steerable parabolic dish with 64 meters of diameter
e detectors sensitive up to 3mm (Mistral)

Large Millimeter Telescope Alfonso Serrano

e 50m-diameter
millimeter-wave
radio telescope

e optimized to perform
observations at 0.85 —4 mm

30-meter telescope

12 antennas x15m



Interferometer

Inferferometers consist of collections
of telescopes

Correlators combine information
into visibilities, which are related to
the Fourier transform of the
brightness distribution of the source

o Include digital delays that account for differences in
light path length from source to array elements

o Assource is fracked these delays must be adjusted

Effective resolution becomes A/B,
the baseline separation between
the array elements

Measuring fringes precisely locates
object in sky

o AB~0.06" for B=1km, A=1cm, fringe phase measured
with 10° accuracy

Source

Wavefronts

Td

Correlator




Interferometer

VLA Is composed of 27
(26m) radio dishes

o 351 simultaneous visibility
measurements

o 1960's era observatory

« Telescopes deployable
along arms (train fracks)
to create four different
arrays

o Highest angular resolution (A)
o Closest packed (D)

« Correlator and receiver
upgrade just boosted
sensitivity by 50X! (e)




VLBI

* High angular resolution
possible by combining

Information from
telescopes spread

around the world

o IF frequency is recorded locally
with atomic clock reading

o Signals are combined in
correlator after the fact

o Limitation is random phase noise
due to the atmosphere

- Worldwide network
available as combination | ;-
of regional networks

(Europe, US, etc)
o US network called VLBA
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Event Horizon Telescope ~50 uarcsec




The Square Kilometre Array:
Concluding our past, realising our future
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AUSTRALI

International effort to build the World’s largest radio telescope
Prime Motivation: Study the history of the Universe in Hydrogen

Will enable transformational science in many other areas

~ » - o




SKA- Key Science Drivers:
The history of thg Universe

i . A ( ' . Y
Testing General Relativi

18
(Strong Regime, Gravitational. v(ves)

/

.~ Cosmic Dawn
d( irst Stars and Galaxies)

+ Galaxy Evolution
(Normal Galaxies z~2-3)
.

rk Matter, Large Scale Structure)

-

'_Magnetism
(Origin, Evolution)

Exploration of the Unknown

Extremely broad range of science!
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SKA Phase 1 =K%

3 sites [AUS, RSA, UK-HQ) 2 telescopes (LOW, MID) one Observatory (SKAO)
Construction: 2021-2027 (Science commissioning 2023+)

SKA1-Low: 512 x 256 low-freq dipoles, SKA1-Mid: 133 x 15m 64 x 13.5m dishes,

50 - 350 MHz 0.35 - 15 GHz M KAT
65 km baselines (11” @ 110 MHz) 150 km baselines V€€
Murchison, Western Australia (0.22" @ 1.7 GHz 34 mas @ 13 GHz)

Karoo,South Africa




ALMA

« Chajnantor Plateau,
Chile (5100m)

o Dry, stable atmosphere

o Fifty 12m dishes spread over
10km mountainous plane

o Frequency coverage up to
950GHz

 Has been in operation
over past couple of
years

o Great locatfion = challenging
location




South Pole Telescope

Mm-wave observatories must
contend with noise from the

atmosphere
o Cirfical to locate them in dry places

SPT at geographic south pole
o Driest site in the world
o Only observe half the sky

o Stable weather and oscillating periods
of darkness and light

SPT is 10m telescope

o Off-axis parabolic primary

o Surface accuracy allows for sub-mm
observafion

o Current detector works at mm
wavelengths with 103 elements
operating at 3 frequencies




South Pole Observatory

1 LAT (SPT-3G)

-

4 SATs (BA)



POLARBEAR - Simons Array — Simons
Observatory

I T T Yy e ——— Yy Py
. .

3.5m, from 30 to 270 GHz, Tand P



Simons Observatory

V2 LAT

+

3-4 SATs




CMB-S4 Baseline Design
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Far(ish) Future?

e CMB-HD

o AtLAST?

Atacama Large Aperture Submillimeter Telescope (At-
LAST) Science: Resolving the Hot and lonized Universe
through the Sunyaev-Zeldovich effect

Luca Di Mascolo’>3*, Yvette Perrott®, Tony Mroczkowski®, Stefano Andreon’, Stefano
Ettori®®, Aurora Simionescu'®!%!2, Srinivasan Raghunathan'®, Joshiwa van Marrewijk®, Clau-
dia Cicone'*, Minju Lee!>'%, Dylan Nelson'’, Laura Sommovigo'®!°, Mark Booth?’, Pamela
Klaassen?’, Paola Andreani®, Martin A. Cordiner?!, Doug Johnstone?>23, Eelco van Kampen®,
Daizhong Liu?**?*, Thomas J. Maccarone?®, Thomas W. Morris?’?¢, Amélie Saintonge®>*°,
Matthew Smith3!, Alexander E. Thelen®?, and Sven Wedemeyer!'*33

1 aboratoire Lagrange, Université Cote d'Azur, Observatoire de la Cote d’Azur, CNRS, Blvd de I'Observatoire, CS 34229, 0
2Astronomy Unit, Department of Physics, University of Trieste, via Tiepolo 11, Trieste 34131, Italy
3INAF — Osservatorio Astronomico di Trieste, via Tiepolo 11, Trieste 34131, Italy

4IFPU — Institute for Fundamental Physics of the Universe, Via Beirut 2, 34014 Trieste, Italy

SVictoria University of Wellington, Wellington, New Zealand

6European Southern Observatory (ESO), Karl-Schwarzschild-Strasse 2, Garching 85748, Germany
7INAF — Osservatorio Astronomico di Brera, via Brera 28, 20121, Milano, Italy

8INAF — Osservatorio di Astrofisica e Scienza dello Spazio, via Piero Gobetti 93/3, 40129 Bologna, Italy
9INFN — Sezione di Bologna, viale Berti Pichat 6/2, 40127 Bologna, Italy

100DARN Mathaclanda lnailbiida fav Omnnn Dananvab Aliala Dakaa~ 4 Al ABAA AR | aldan dha Kladhaciandn

Progress with the Atacama Large Aperture
Submm Telescope



Planck Space mission operated
from L2

1.5m primary telescope
Two detectors:
LFI: 3 frequencies
HFI: 6 frequencies
Angular resolutions ~5-15’

Key contributions to cosmology
and to studies of the galaxy.
Additional contributions to
structure formation, star formation
and galaxy evolution.




theBIRD Overview

. the (nght) satellite for the study of B-mode polarization and Inflation from -
cosmic background Radiation Detection

JAXA’s Strategic Large-class mission selected in May 2019

Buured QS N

Expected launch in late 20s with JAXA’s H3 rocket . LiteBIRD Collaboration PTEP 2022

¥y WA KT VD
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All-sky 3-year survey, from Sun-Earth Lagrangian point L2

Sl 75250 mE

7+ Gas Jet System
WRAMES )
Second Stage
Lox Tank

[ ]
abeis puodas Bow

Large frequency coverage (40-402 GHz, 15 bands) at 70-18 arcmin angular
resolution for precision measurements of the CMB B-modes
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Final combined sensitivity: 2.2 pK.arcmin
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Multi-Messenger Astronomy



Cosmic Rays

+ Cosmic rays are high energy  « Storage in Galaxy:
charged particles (mostly magnetic fields act o

protons) that travel through :
the Galaxy, some arriving frap all but the highest
on Earth. energy cosmic rays

produced in our galaxy

« Also the secondary particles

produced when these

cosmic rays interact in the » Collisions break up
upper atmosphere heavier nuclel (spallation)

- Discovered by Hess (1912)  Cosmic ray elemental

and named by Millikan :
(1920s)- mysterious ionizing abundance differ from
radiation originating high in solar abundances

the atmosphere o Excesses of Li, B and Be, all of
which are products of spallation



IceCube

http://icecube.wisc.edu

« Detector characteristics:

o

(6]

(@)

1km3 of ice (~0.5 Gton detector)
» Sensitive to 100 Tev to EeV
5160 Digital Optical Modules
« 86 boreholds- 125m hex grid
« 60 DOMs each, 17m offset

« DOM is upward looking PMT, 2ns
time resolution

 DeepCore: 70 meter grid, 7m
offsets (pushes E, lim <10GeV)

lceTop is for veto and calibration
« 2 downward facing DOMs

« Science Highlights

(@)

Ultra high energy neutrinos (exceeding

2PeV)

Have mapped the sky but haven't
identified source of high energy
neutrinos

Measured the cosmic ray anisotropy
over the southern sky, detecting it at
levels of 103

86 strings of DOMs,

IceCube Laboratory set 125 meters apart

Data is collected here and
sent by satellite to the data
warehouse at UW-Madison

apart

Digital Optical it epCore
Module (DOM) 2450 m ” |

5,160 DOMs
deployed in the ice

DOMs S 2
are 17 ‘1
meters

A National Science Fou:
managed research facili

!

60 DOMs
on each
string

= N
-/
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IceCube

http://icecube.wisc.edu

« Detector characteristics:

o 1km3ofice (~0.5 Gton detector)
» Sensitive to 100 Tev to EeV
o 5160 Digital Optical Modules
« 86 boreholds- 125m hex grid
« 60 DOMs each, 17m offset

« DOM is upward looking PMT, 2ns
time resolution

« DeepCore: 70 meter grid, 7m
offsets (pushes E, lim <10GeV)

o lIceTop is for veto and calibration
« 2 downward facing DOMs

« Science Highlights

o Ultra high energy neutrinos (exceeding

2PeV)

o Measured the cosmic ray anisotropy
over the southern sky, detecting it at
levels of 103

IceCube Laboratory
Data is collected here and
sent by satellite to the data
warehouse at UW-Madison

Digital Optical

86 strings of DOMSs,
set 125 meters apart

i
i

Antarctic bedrock

1

60 DOMs
on each
string

A National Science Fou:
managed research facili


https://en.wikipedia.org/wiki/Blazar
https://en.wikipedia.org/wiki/TXS_0506_%2B056

ANTARES++

Cerenkov detector in

Medﬁerroneon Sea

2475m deep (Porguerolles trench)
0.5 degree angular resolution
12 independent detection strings

Experiment “assembled” by
submarine!

12 strings- each with 5 sectors of
detectors and sensors, each 60-/70m
apart

Anchored to seabed, buoy on top,
tiltmeter measures orientation of
story

o Acoustic detectors and pingers on
the sea surface allow for pinpoint
determination of location

Most sensitive detector Iin

northern hemisphere
ANTARES, NEMO and NESTOR
joining
Cubic km of water
0.1 degree angular resolution




KM3Nel

A GIANT DEEP-SEA
NEUTRINO TELESCOPE

KM3NeT, once completed, will be one of the largest astronomical telescopes in the
world. Located at the bottom of the Mediterranean Sea, it comprises two detectors:
ARCA off the coast of Sicily, in Italy, and ORCA off the coast of Toulon, in southern
France. Its main goal is to detect and study neutrinos: extremely light, fast and
hard-to-catch elementary particles. The ARCA detector is optimised for the study of
high energy cosmic neutrinos, which carry with them valuable information about the
most energetic phenomena in the universe.

The ORCA detector is optimised to measure the fundamental properties of the
neutrino itself using atmospheric neutrinos.

THE INFRASTRUCTURE

\x‘ o 4 _
5> e o E g ‘L——:.r‘._ &
S ORCA yiit ) 2 _—
8 115 DETECTION UNITS : TN
i s
: i ARCA
: 230 DETECTION UNITS
.
.

The KM3NeT infrastructure consists of an array of hundreds of detection lines, “detaction units] which stand
on the sea bottom and are equipped with thousands of hi-tech eyes. Its final configuration will occupy a
vohime of aver 1 km', hence its name.

The detection units are connectad to a submarine network of cables and junction baxes. The connection to
shore is via a submacine cable of many tens of kiiometres long.

KM3INeT is also a valuable multidsciplinary isboratory for Earth and Ocean Sciences.

PHOTOMULT)

64170 In

PUER
AACA
OACA

DIGITAL OPTICAL MODULE (DOM)
4 ARCA

700 m high in ARCA

200 m high in ORCA

KM3NET IS A LARGE INTERNATIONAL COLLABORATION THAT

INVOLVES OVER 360 SCIENTISTS, ENGINEERS, TECHNICIANS AND
STUDENTS OF 68 INSTITUTIONS FROM 21 COUNTRIES.

THE INSTALLATION STEPS

NEUTRINO DETECTION

KM3NeT uses sea water as mteraction medium. Neutrino interactions generate charged particles
that propagate st a speed higher than the speed of light in sea water, producing  faint biuish glow
called "Cherenkov light’ The Cherenkov radiation is emitted at a characteristic angle with respect
10 the trajectory of the particle. This glow is detected by KM3NeT's hi-tech eyes. Analysis of these
sgnals provides fundamental information on the newtrinos direction, energy and nature.
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t bl ll F . » 700m
With no electric charge, being extremely - = A
ight and travedling almast at the speed of - 1. ' il «f 1
anly weakly, and therefore very rarely, ' . | 1
with matter. Their elusiveness makes them } 1t L Wi § |'
valuable cosmic messengers, able 1o bring g e |
us unique informaban about the distart ' N1 141 87 14, o
universe. { PLAR ¢ :. 3 s i .. ) |
, ML L4t BeYlH 11| On 13 February 2023, at a depth of 3450 metres off the coast of icly, i Italy, the ARCA
| : L2 It " detector of the KM3NeT submarine neutrino telescope recorded an extraordinary
THE EVENT DISPLAY | e X T _ [ signal: produced by a neutrino with a record energy of about 220 PeV, corresponding
\ AR E ' ia ¥ | to 220 million billion electronvolts. This signal, named KM3-230213A, provides the first
Aview of the K- 2302134 signel ait . ® . o 100 evidence that neutrinos with such extreme energies exist in the universe.
detected by KMINeT. . % s x he II
The spheres are coloured according 1o ' 'S * 27 % » 1600
the detection time and the reconstructed y *; L
track of the particle is shown. The size of ) # - 1400
the blue cone gives an indication on the 1 ‘ *
amgite the sgrs. L WM TR S KM 3-230213A IDENTIKIT
‘.
> d . - . - 1000
‘(; s By The casmic neutrino plunged into the Mediterranean Sea and crossed the Malta
! x T ' 800 continental shelf with an nclination of 06" above the horizon. During this journay, it
" ‘* * | ¥ i travelled almost at the speed of light and interacted with an atomic nucleus,
- ¥ generating an ultra-relativistic muon, which crossed the whole detector,
H a0
1 20

THE SOURCES /

The crigin of the ultra-high energy neutrino could have >—e
/ been one of the catadlysmic events that animate our ‘b 06°

universe, such as an active galactic nucleus of a MALTA
gamma-ray burst. Or # could be a neutring generated

f by the interaction of an ultra-high energy cosmic-ray
particle with the cosmic background radiation that
permeates the universe.

@ KM3NeT




Gravitational Wave Observatories

Implication of Einstein’s General NN R RN R EEEEEERERE R
Relativity is that G waves exist oL

G waves confirmed through energy
loss in binary pulsar system

o Hulse-Taylor system

IIIIII

l
o)

Pulsars are spinning neutron stars
~1.4M,, 10km radius, radio beam
sweeps past Earth as pulsar rotates,
creating precise periodic signal

o Doppler effect allows LOS velocity to be measured
precisely

o Binary pulsars are simple systems (two point masses
in orbit)

o Orbital motion creates G waves, and system loses
ehnerkgy, pulsars spiral together and orbital period
shrinks

| |
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General Relativity prediction /

Cumulative shift of periastron time (s)

Evolution of the Hulse-Taylor system in
perfect agreement with GR

expectation
o 1993 Nobel Prize!
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Direct Detection- Gravitational Waves

http://www.ligo.caltech.edu

14. Sept 2015- detected atf two
locations

o  S/N=24, with false alarm rate of 1 in 2x105 yrs,
corresponding to a 5.1 significant detection

Binary BH merger (36 and 24
M,) at distance of ~400Mpc
(z=0.09+/-0.03)

Final mass ~62M, with ~3M, of
rest mass energy radiated as
gravitational wave

See http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.061102
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Pulsar-Timing-Array (PTA)

HUNTING GRAVITATIO‘NAL WAVES USING PULSARS

NEW MILLISECOND PULSARS

An all-skysmap'asiseenby.the
Gamma-ray Space Telescope in its first:yea

—EPTA data —GW signature Expected Steepnesé
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Angular Separation (degrees) Steepness of the GW spectrum

of nanohertz gravitational waves background!



