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Multiwavelength astronomy

MULTIWAVELENGTH LAND & SPACE BASED OBSERVATORIES

= B 2 S| =
Molecules in the ozone layer . RADIO INFRARED OPTICAL ULTRAVIOLET X-RAY GAMMA RAY |
of the atmosphere absorb S §3
high energy photons. Ny - e <
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Most photons in the opticé’
waveband are not absorbed, 4
and parts of the ultraviolet,

infrared, and radio wavebands -
also reach the ground. ®

The atomspheric effects on incoming light in each waveband determines the placement of telescopes.

Most of the Radio waveband *‘ The infrared waveband Ground telescopes observe Balloons and rockets are ‘. Space telescopes avoid
is detectable using large can be detected from most optical light, and some used to test out new atmospheric distortions and
dish antenae on the ground airplanes infrared and ultraviolet ) telescope technologies access high energy radiation

https://ecuip.lib.uchicago.edu/multiwavelength-astronomy/
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Multiwavelength astronomy

Visible Light
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Intensity [MJy/sr]

Multiwavelength astronomy - spectral measurements
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Gamma-ray instruments

Up to very high energies, gamma astronomy is done from space.

Fermi
SWIFT 2008 - Present

2004 - Present

Integral
2002 - Present

: v satellite ~ 930 kg
. 4 ,{] payload ~ 450 kg

7 [] prompt observation
|| follow-up observation

No cryogenic detectors! ITAI:IW
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Gamma ray optics

Current instruments don’t use focusing optics. Maybe in the future..

Current approach, coded mask (SVOM) LAUE lens concept of focusing optics

Beam 2

focal axis focal point
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Gamma-ray detectors

E>20 keV
Currently, no LTD based instruments: no focusing optics = large focal planes (~2500cm?)

However, development of detectors have been made (TES and MMC).
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arXiv:1310.7287 [physics.ins-det]
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https://arxiv.org/abs/1310.7287

X-ray astronomy

X-ray sources, highly ionized hot plasmas (10° to 10° K)

e The energetic Universe (compact objects, harder spectrum)
o Black Holes
o  Binary systems
o AGN
o Gamma-Ray Bursts
e The hot Universe (extended sources, softer spectrum)
o) Supernovae remnants
o  Circumgalactic Medium (CGM)
o Intergalactic Medium (IGM)

Continuous spectrum (Thermal Bremsstrahlung and Synchrotron) + narrow emission lines

Current instruments: Chandra (1999), XMM-Newton (1999), eROSITA (2019), XRISM (2023)
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The energetic universe

A) Color .compoéite observ'atio.n
of the’AGN Centaurus A

‘| C) Artist view of an X-ray binary H
~106-10° times smaller

Accretions =8
disk.
Opt-UV

Velocity
Density

B) Artist view of an Active
alactic Nucleus

Point sources — large mirror
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Accretion disk - corona geometry
AGN feedback mechanism

High resolution spectroscopy of
absorption and emission lines:

ultra-fast AGN outflows.
' ' ' 5 IFU]
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The hot universe (ICM)

Hubble

Extended sources
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Galaxy cluster
Abel 1689
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The hot universe (ICM)

Chandra

Extended sources
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Galaxy cluster
Abel 1689
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The hot universe (ICM)

Hubble + Chandra

Extended sources
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Galaxy cluster
Abel 1689
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The hot universe - supernova remnant

SR
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SILICON SULFUR CALCIUM
CAS A - ChCI nd ra IRON HIGH ENERGY X-RAYS
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Reflectivity (IR/IO)

X-Ray instruments

We are limited to observe from space

e Orbit: balloon, low orbit, highly eccentric, L1, L2

X-ray optics: total internal reflection at grazing incidence angle — long focal distances

10
10" —
Parabolic
02k ] mirrors
"Spider"
0? !
_ Hyperbolic
Incoming mirrors
10% 1 X-rays
10-5 1 L L >
0 0.5 1.0 1.5 2.0

Incidence angle
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X-ray Spectroimaging

The goal is to determine the arrival direction and time as well as the energy of each photon

Nondispersive imaging spectrometry is required for extended sources

Best CCD based detectors provide energy resolution of (~100 eV @ 7 keV)

LTDs can do at least 50 times better (~ 2eV @ 7keV)
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X-ray instruments using LTDs - past and present

Series of Japanese missions XRISM (2023)

Success! But...
Hitomi (2016) :
Attitude control

Suzaku (2005)
Astro E (2000) Cooling failure
Launch failure [ '

All of these missions had instruments based on cryogenic
micro-calorimeters using semiconductor thermistors

1
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XRISM Resolve - Detectors
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XRISM - First results, more to come!

X-ray Spectrum of Supernova Remnant N132D Measured by XRISM Resolve

s Suzaku/XIS
H
@

XRISM/Resolve

H
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@
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X-ray Spectrum of Perseus Galaxy Cluster Measured by XRISM Resolve

 X-ray Image of Galaxy Cluster Abell 2319 Captured by XRISM Xtend

XEIRILHF— X-ray energy

January 10, 2024
The Resolve aperture door status and a request for the proposals for the guest observer program cycle-1

The XRISM Resolve instrument’s Gate Valve (X-ray aperture door) has not opened on multiple attempts. The Gate Valve
blocks soft X-rays, shifting Resolve’s energy band from 0.3 - 12 keV to 1.7 - 12 keV. While the XRISM team will continue

1
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Micro X - TES in space

The High-resolution Microcalorimeter X-ray Imaging Sounding Rocket

First flight 2018 - Second flight 2022 - Altitude: 160 km

ACS . ‘
Telemetry Micro-X Science

ORSA Instrument \\ Black Brant IX Terrier
\ \ / Second Stage First Stage ‘
WIS Y )0 ) .

. -

Electronics X-ray Mirror

Optical Bench
Microcalorimeter
Cryostat

arXiv:2212.12064
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Micro X - Detectors and results

Science Observation Time ~300 sec
(time above 160 km)

HEEEER
Bandpass |?n2es_ ;.ﬁi;i\;(zﬁ; ;/égll)see some bright EEEEE=EEEE
Field of View 11.8 arcmin | PSF
HER Sl

X-Ray Optics Conical approximated Wolter optics

N
et rerere N S
24 Pointhpr.eald Function ====i======
Microcalorimeter Array 128 pixels read out by 2 parallel TDM
SQUID MUX (2 x 8 columns x 16 rows) ...........
Pixel pitch: 600 um = 59 arcsec/pixel ......
5-10 eV energy resolution @ 1 keV

They pointed CAS A

They observed around 17000 science photons
The mean energy resolution was ~10 eV

First use of TESs in space

DRTBT 2024 - Aussois - Manuel Gonzalez
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Future instruments

ATHENA X-IFU (~2037) ESA large mission - large French contribution (CNES, IRAP, APC)
LEM (~2032) ? American probe class mission proposal

Lynx (~2050) - American flagship mission concept

o
o

o
o

ATHENA

Effective area, cm?

o
Y

Grasp (effective area x FOV), cm?2 arcmin?

P. Peille’s lecture later this week
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High resistivity TES for X-rays

Development of high resistivity TES microcalorimeters for X-rays. Based on NbSi alloy (IJCLAB)

Hybrid between TES and Semiconductor

== Doesn’t require SQUIDs
== Requires external heater for ETF

Thermometer Heater =

Objectif E100:X200;

Credit: B Criton, JL Sauvageot ASIC for readout and multiplexing @ 50 mK
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Optical - IR astronomy

SPIAKID - SpectroPhotometric Imaging in Astronomy with Kinetic Inductance Detectors

Observation of Ultra Faint Dwarf (UFD) galaxies in the local group

L P, =-84dB
e Lowest luminosity in the local group. 400 - B =
e Low metallicity. e Ap - 200@n=1
e Spectroscopy only in few stars for each galaxy. . z:z
c
Spectral range (0.40 um to 1.6 um) § ?zz
2 TiN/Ti/TiN MKIDs arrays of 20 kpixels ™

501 @

o2
Pulse height

. o . . . Crei Hu, F Boussaha
Developed by Observatoire de Paris in collaboration with APC T

Demonstrated single photon response @ 400 nm with energy resolution of 2.6

Other applications include direct imaging of exoplantes (B Mazin)

2
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Submillimeter astronomy

In far-infrared (~30 um to 1 mm) astronomy we can study the cold parts of the universe.

Main astronomical sources at these wavelengths:

e Interstellar Medium (ISM)
e Star-forming Regions
e Protostellar and Protoplanetary Disks

Among main science drivers:

e Stars and planetary systems formation
e Galaxies formation and evolution

Dust and Gas in the Andromeda Galaxy

DRTBT 2024 - Aussois - Manuel Gonzalez
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Herschel Space Observatory

In operation from 2009-2013
Three scientific instruments (all using LTDs):
e Heterodyne Instrument for the Far-Infrared (HIFI)
High res spectrometer SIS mixers and HEB (~150 to 600 um)

e Spectral and Photometric Imaging receiver (SPIRE)

[ SPIRe

326 spiderweb NTD Ge bolometers
250, 350 and 500 pm + FTS 200 to 600 um

e Photodetector Array Camera and Spectrometer (PACS)
2048 + 512 Si:P:B semiconductor bolometers

60 - 130 um and 130 - 210 ym
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Herschel Space Observatory

Herschel view of the galactic center and galactic plane using PACS and SPIRE

9990¢
1800000000
AAARAARLLAL,

Copyright: ESA/NASA/JPL-Caltech/Hi-GAL
Copyright: ESA/Herschel/PACS, SPIRE/Hi-GAL Project. Acknowledgement: UNIMAP / L. Piazzo, La Sapienza - Universita di Roma; E. Schisano / G. Li Causi, IAPS/INAF, Italy

26
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The power of multiwavelength!

Andromeda M31
XMM-Newton X-ray (Blue)
Herschel far-IR (Grey)

Star formation and evolution

Copyright: infrared: ESA/Herschel/PACS/SPIRE/J. Fritz, U. Gent; X-ray: ESA/XMM-Newton/EPIC/W. Pietsch, MPE
DRTBT 2024 - Aussois - Manuel Gonzalez
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SPICA - SAFARI and B-BOP

SPace Infrared telescope for Cosmology and Astrophysics

Proposed as Herschel’s successor, but stopped in 2020

Two cryogenic instruments: SAFARI (TES) and B-BOP (Semiconductor + polarization)
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SPICA B-BOP detector developments

Detectors hybridized with CMOS readout with the addition of polarimetry

=4 VIEwangle @ 45° leti

Credit: L. Rodriguez
DRTBT 2024 - Aussois - Manuel Gonzalez
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Event Horizon Telescope

M87* black hole appearance in 2009-2017

2009 2011 2012 2013

J 0 o 0O

CARMA CARMA CARMA CARMA
/»SMT \ SMA /oSMT \ SMA /»SMT \ SM /.SMT \ SMA MI// \
CSOe

JCMT JCMT JCMT

) )

et et

EMT
JCMT
ALMA
,’,
i
)

Credit: M. Wielgus, D. Pesce

VLBI with SIS mixers @ 1.3 mm or 230 GHz

@}Q Event Horizon Telescope
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mm astronomy from ground

The atmosphere (specially water vapor) will absorb (then it will also emit) at mm wavelength. High and dry sites are required.

Atmospheric windows: 1.07 o
08F i
> _
a 0.6 =
2 i 1
E
n L 4
=
S 04- N N N -
= N BN B
i ®» O O
0.2 11
i B = B |
0.0! — U -
10 100 1000
arxiv:1908.01907 [astro-ph.CO] Frequency (GHz)
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https://arxiv.org/abs/1908.01907

mm astronomy sites

Atacama (Chile) 5200 m Pico Veleta (Spain) 2900 m

South Pole 3200 m

DRTBT 2024 - Aussois - Manuel Gonzalez
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mm astronomy - Cosmic Microwave Background

Years after the Big Bang

400 thousand 0.1 billion 1 billion 4 billion 8 billion 13.8 billion

The Big Bang

>
103[qo |esiuiouoyse

The Dark Age

. 1511 4O uoneW.IOy

S ; . Reionization o
Fully ionized 1 «———— %+ > 1 Fully ionized
(8 | D VEIWON- W L

10
1+Redshift

CMB emission: when Universe became transparent e and p combined in H atoms

DRTBT 2024 - Aussois - Manuel Gonzalez
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CMB Temperature

Almost perfect blackbody radiation

Intensity [MJy/sr]

Wavelength [mm]
1

0.67 0.5
1 I 1 1
e i FIRAS data with 4000 errorbars |
2.725 K Blackbody
300} -
200} .
100} N
0 L 1 1
0 5 10 15 20

V [/em]
Spectral distortions, less than 1 in 10°
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COBE/DMR website
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CMB Temperature

Almost perfect blackbody radiation

Intensity [MJy/sr]

Wavelength [mm]
2 1

0.67 0.5
T T T T
i FIRAS data with 400G errorbars |
2.725 K Blackbody
300 —
200 -
100 |- -
0 L 1 L
0 5 10 15 20

V [/cm]
Spectral distortions, less than 1 in 10°
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COBE/DMR website

-

AT = 3.353 mK
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CMB Temperature

Almost perfect blackbody radiation

Intensity [MJy/sr]

Wavelength [mm]
2 1

0.67 0.5
T T T T
i FIRAS data with 400G errorbars |
2.725 K Blackbody
300 —
200 -
100 |- -
0 L 1 1
0 5 10 15 20

V [/cm]
Spectral distortions, less than 1 in 10°
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CMB Temperature

Almost perfect blackbody radiation

Intensity [MJy/sr]

Wavelength [mm]
1

0.67 0.5
1 I 1 1
i FIRAS data with 400G errorbars |
2.725 K Blackbody
300} "
200} -
100} .
0 L 1 1
0 5 10 15 20

V [/cm]
Spectral distortions, less than 1 in 10°
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CMB Temperature

Almost perfect blackbody radiation

Intensity [MJy/sr]

Wavelength [mm]
1

0.67 0.5
1 I 1 1
e i FIRAS data with 4000 errorbars |
2.725 K Blackbody
300} -
200} .
100} N
0 L 1 1
0 5 10 15 20

V [/em]
Spectral distortions, less than 1 in 10°
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CMB Temperature

Almost perfect blackbody radiation

Wavelength [mm]
1

2 0.67 0.5
T T T T
4 o -
o FIRAS data with 4000 errorbars
— 2.725 K Blackbody
v
S, 300f -
=
=
2 200} .
w
c
[
—
£ oo} -
0 L 1 1
0 5 10 15 20

V [/cm]
Spectral distortions, less than 1 in 10°
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Planck - 2009 - 2013

The HFI instrument was based on NTD Ge bolometers

100 GHz 143 GHz

217 GHz

353 GHz 545 GHz

857 GHz

400 407 0 01 10 10 0 100 10 10 107
30353 Gz ST (1K ) 545 and 857 GHz: surfacn brighiness [y 5]

vasorbing 3
Gold Web (gold direction)

polarization direction

52 bolometers across 6 frequency bands (+2 dark)
20 spiderweb bolometers

32 polarization sensitive bolometers
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CMB component separation

By exploiting their spectral behavior, we can separate the different components

10!

100

RMS brightness temperature (uK)

10 30 100 300 1000
Frequency (GHz)

European Space Agency

DRTBT 2024 - Aussois - Manuel Gonzalez
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CMB polarization

CMB is few % (linearly) polarized by Thomson scattering

.....
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Any linear polarization field can be decomposed into the two

scalar fields E and B.

Primordial B-modes are a specific prediction from inflation
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Physics with CMB

TEMPERATURE
E-MODE POLARIZATION O MUCHOETHE
B-MODE POLARIZATION IS SPACE FLAT UNIVERSE IS
OR CURVED? \ ORDINARY MATTER?
1.E+04 1
HOW MANY
LIGHT RELIC
1.E+02 1 —— PARTICLES
?
= WHEN DID THE ARE THERE:
N~ FIRST STARS
3 16400 1 FORM?
S
]
5
a 1.E-02 A
r=0.1
WHAT IS THE
Leoa | ™ MASS OF THE
. SWEEN BID NEUTRINO?
f=e001 INFLATION
HAPPEN?
2 1.E-06 T T T
= 1 10 100 1000
Multipole

arXiv:2203.07638 [astro-ph.CO]
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https://arxiv.org/abs/2203.07638

Current measurements

Bolo Semi
Space

arXiv:2203.07638 [astro-ph.CO]

10" =3

] Planck
1 SPT

] ACT

1 BICEP /Keck
| POLARBEAR

| |
1000 2000

Multipole ¢
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https://arxiv.org/abs/2203.07638

The quest to B-modes, future instruments

There are currently three major future CMB instruments being developed:

e Simons observatory (Atacama)

i -based i
¢ L ITe BI R D (s pq Ce) improvement of instrumental sensitivity 2?:;:.1 ajeo(i;xzr;z:zrs
= stage-2 - O(1,000) detectors
® CM B-S4 (ATGCGmO + SOUTh pOIe) = stage-3 - (10, 000) detectors
= = stage-4 - O(500, 000) detectors

._.
<
L

1072

60,000 detectors
SIMONS

-
9
w

10-4

approximate raw experimental
sensitivity (uK)

2000 2005 2010 2015 2020 2025 2030 2035 2040
years
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Simons observatory (SO)

SO is in commissioning and will evolve to more than Low frequency (LF)  uitrtion freeaemes (OHF)

120000 P ixels by 2028 detector arrays & lenslets  detector & horn arrays

The American instruments are based on TES that are
dual polarization sensitive and dichroic.

Two British KIDs based SATs and potentially one French.

30+40 GHz
220+280 GHz W .

>220 GHz

46
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Chile (Atacama) Site

- - - —
1 Large Aperture 3 Small Aperture Telescopes 2 Large Aperture (6 m)
(5 m) Telescope (9 0.5-m aperture optics tubes) Telescopes

Credit: LBNL
South Pole:

* 1-3% of the sky
+ 1 Large (5m) Aperture Telescope
@ 20, 25, 40, 90, 150, 220, 280 GHz
» 3 (3 tubes each) Small Aperture Telescopes
@ 20, 40, 85, 145, 90, 150, 220, 280 GHz
* Operations: up to 10 years

Atacama:

* 40-60% of the sky

+ 2 Large Aperture (6m) Telescopes
@ 25, 40, 90, 150, 220, 280 GHz

» Operations: 7 years
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CMB-S4 readout

CMB-S4 detection chain Modular readout scheme showing
aion components at each temperature stage
N“p\‘“co b\as\“g and interconnects :
» SOV piasind
% SQUID amplification and multiplexing circuit for one
gi 01 sas , 1D out column (SLAC responsibility):
<
g g 10 Channel O; 10 Channel
MUX Nyquist Flexibl ES Detector
K SSA sa1B *)") saiFs Chip g Chip Cable
- Lig
Rill'.ﬂ
L4,
RSO 3% 3 input 0 Rrgsg| =——p
) § EF,D«:“’ S
) 5:-'*
—_—
cso }ﬁ RS1 }% g input 1 Rres s
ﬁ'h E e ‘ Livyauist1 =) Bl—-
1 Rynunts L : '
RS9 } j?j‘ % input 9 Rreso
20 K T B o T o
N\\n( — | Developnjents |n| Time-Division Multiplexing of X-ray T(ansition-Edge Sensors, R. W. W. Doriese et al. DOI:10.1007/S10909-015-1373-Z
J.) Conceptual Degigh of the Modular Detectof and Readdut System for the CMB-S4 survey experiment, D. Barron et al., astro-ph 2022 arXiv:2208.02284v1
I A f_g"m:m I .
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QUBIC - Bolometric interferometry
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Sunyaev-Zeldovich effect

The CMB illuminates galaxy clusters and we see the effect of the scattering

MICROWAVE RACKGROUND 10
\ PHOTON e
fai e o CLUSTER -
GAS L
e U 0.0-
P il ENERGETIC 0.5
S TN ELECTRON
-10
¥
1 ¢
@ @®
i BLUE SHIFTED 44 GHz 70 GHz 100GHz 143 GHz 217 GHz 353 GHz 545 GHz
t MICROWAVE SHOTON A2319

Wh OBSERVER

DRTBT 2024 - Aussois - Manuel Gonzalez

IIIl|III| IHI|I\II



NIKAO, NIKA1, NIKA2

~ 2.3 meters

KIDs based instruments @ IRAM 30 m telescope

300K 70K

$2010-2013

One of the first KIDs arrays on the sky
~30 pixels (~150 GHz)

~400 pixels (150 and 220 GHz)

~3000 pixels (150 and 260 GHz x 2 Pol)

Astronomy & Astrophysics 521, A29 (2010) 20 1 4 - 20 1 7

The Astrophysical Journal Suppl. 194 (2011)
Astronomy & Astrophysics, 609, AL15 (2018) DRTBT 2024 - Aussois - Manuel Gonzalez Credit: A. Monfardini



NIKA Science

Sunyaev-Zel'dovich (SZ) Large Program of NIKA2

PSZ2G144 ACTJ0215 . 'PSZZG:H)O PSZ2G091
{ )
| R CT.UPP ACT.cal
MIST M.

MEXT

IR s i f £l D RA. Dec. z T30 1pc Ao.sMpe Mg%.’:ml Miire 500 MT#,% 0c 500

1 o (—) (deg) (deg) (=) (keV) (=)  (10¥Mo) (10"My) (10™My) | (10 M) (10" My)
| = XLSSC 102 | 31322 -4.652 0969 399% 25+8 26=x1.1 1.9+ 1.1 l.17f[‘)'}’g 3157 4.6%T

‘1 X . X

Dec (ICRS)

@ 03 000
025
o S 200 15% A 15%
= RA (ICRS) RA (ICRS)
P
30 N et e ?
x 2% L s
R Qi A
- 2 s 54 -
T e ¢ ‘ f L4
A 1 . » ”

m’Universe 2023

3rd edition - 26-30 June 2023

150 GHz surface brightness maps of 38 clusters

Redshifts from 0.5 to 0.9
Public data release to come in 2025.

LPSC Grenoble - France

arXiv:2310.04553 [astro-ph.CO]
DRTBT 2024 - Aussois - Manuel Gonzalez


https://arxiv.org/abs/2310.04553

Concerto

Main science goals:

e [CII]-emission line
e Galaxy clusters SZ

Installed in APEX telescope 2021-2023

~4000 KIDs

Crab nebula

CP
0.1K

L1 1S L2 L3 P3 FP K 5
285K K 4K 01K 01K 0.1K ‘
[V1! vN]

=2 ¥\ 5 133 33
N

Credit: I. Neel, LPSC, IPAG DRTBT 2024 - Aussois - Manuel Gonzalez
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Conclusions

Cryogenic detectors allow for the most challenging observations across a wide spectrum
They are key to answer some of the fundamental questions in cosmology and astrophysics
There is a strong involvement of the French community

e Detectors
e Instruments
e Readout

DRTBT 2024 - Aussois - Manuel Gonzalez
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History

e -~1880 Langley First bolometer for IR

Langley’s bolometers were constructed by the instrument maker William Grunow.

Letter to Langley in 1893:

“I feel sorry to perceive my inability to follow up the making of bolometers, on account of the circumstances of my situation, the bad
effect on my health (eyes and nerves) caused by the anxiety which the making of bolometers always creates on me, and [by the
knowledge] that I should give up the making of them, rather than continue without being able to improve or perfect them..”*

° 1903 Curie/Laborte Calorimetic detection of radioactivity

° 1935 Simon Low temperature enhances performance

“The sensitivity [] can be increased by many orders of magnitude by working at very low temperatures”

e ~1940 Andrews Superconducting transition detector

*Samuel Pierpont Langley and his Contributions to the Empirical Basis of Black-Body Radiation

DRTBT 2024 - Aussois - Manuel Gonzalez
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