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Which direction?

Future space astrometry can move in several directions: .

: A”»—skg o[:)tical and NIR (Gaia-like uas) - known as GaiaNIR.

e Pointed relative astrometrg in NIR (e.g. small-JASM NE) to add

imPortant regions such as the Galactic centre and spiral arms. Not

very cleep (EL.=<15 mag}.
* Pointed relative astrometry missions (SIM, NEAT, Theia, ok

targetecl ultra accurate (nas) , aimed at sPeciﬁc c]uestions on dark

matter, exoplanets (e.g. exo~ear’tl’xs), eha

Clearlg there is overlap between science cases but global Gaia-like :

S

astrometry in the NIR can do more!

-
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“I said, one of us is in trouble!”
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GalaNIR Science Cases

L * Adcling NIR astrometrg and Photometxy to Probe hidden  Volume increase at the same accuracy
regions of the Galaxg. Parallax: (W2)?=2.8

| Proper Motion: 105-20% = 1000-8000
te A 20 yr gap would give PMs 20 times better (Comparecl |

- Parallax_horizon for GOV stars

to DR4) for common stars, oPening many new science | |
cases and the nano-arcsec regime. B T T
| ' " - o ‘ B 3 _fd ?GKWIE (55yr) +Gaia (Syr)

| # Resettingthe Gala oPtical RF and catalogue. Expansion ¥ R L e

. ofthe oPticai RF to the NIR is super important. =Y |

GalaNIR 1s a cliscovery mission clesigned to

unveil the nature 01C our Galaxg

- Hipparcos
r~100pc
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- Nano-arcsec (9r~‘) FMs -

2 2
The numbers 23.6 and 20.6 pas are the sky Oposg i Oposy 2050 An earlier launch will decrease the PM accuracy
averaged positions of Gaia DR4 after ~5 \/5 \/E
years and \/E is extrapolation to 10 years o = ,
< In— Ig Stars onlg seen |
\/<ﬁ)2+<ﬁ>2 2045 in NIR will not
V2 V2 , 8
| o, .= = 0.79 pas yr-1 benefit from this
S5 20 + 10 : :
l : improvemen
\/ <ﬁ>2 . <ﬂ>2 Assummg both Second Epoch
V2 V2 e ;
| O = 10 = 0.69 pas yr-! are 10 Hr MISSIOHS GalaNIR 109!’ (2050)
A gap of 20 years will allow
2 2025 for very accurate PMs.
2020 An order of magnitucle improvement (Factor of 20) in
First Epoch Gaia 10yr ; : 5
FZz o : PM’s comParecl to Gaia DR4 and brmgs the combined
2015 mission results into the nano-arcsec regime for

o | common stars.
0, =~ 16 pas yr-! is estimated at G = 15 for Gaia DR4
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What will GaiaNIR Observe?
* Star count ratio between GaiaNIR and Gaia gjves 5 times more

stars for a H-band limit of 20th mag, and 6 times more stars for a
K-band limit of 20th mag,

(H-band limit of 20th mag)

- About 10 or 12 billion stars for H or K-band cut-offs.

- A K-band cutoff with 12 billion stars makes more sense!

o The star count ratio in the disk is uncertain due the extinction

model used (olcler models give a ratio of 5 instead of 5

10° ' 10!

+ This uncertaint9 IS a keg science case in itself that cannot be Pnun/Mia [50.deg™]

T’CSOlVCCl IZ)H Gaia 8|Oﬂ6.

GalaNIR 1s not simply an increment on Gaia but will create an

astrometric revolution in itself through it’s 3 main science cases!




. NIR Astrometrg

Dustg Bulge/bar region IS dgnamica”g important:

~

= bo radial migration, bar Perturbations of the bulge a Pccting DM

&ensitg Proﬁlc) ete.

Unveil the inner disk which is not well known.

Probe DM in the thin disc and sPiral arms”?
Vast|9 iml:)rove measurements of the rotation curve.

MaP in detail the clust9 sPiral arms - astrometrg for100’s of millions
OF objects.

Stuclg internal & bulk clgnamics of young clusters.

Many other science cases: brown dwarfs, M-dwarts, cool white

dwarts, free ﬂoating Planets, PL relations of red Mira’s, etc.

All of this for up to ~8-10 billion new stars!




| mProved Accuracg

lmProvecl PMs allow sub-structure in streams, dwarf galaxies and the Halo to

bC f’CSOlVCCl ;

From space.fm

Better estimates o1c Galaxg mass anc‘ help resolve the cusl:)ed/ ﬂat dark

matter Halo Problem?

Internal dgnamics of local group galaxies) dwarf spheroids, globular clusters)
LMC & SMC.

MaP the DM sub-structure in the local group.
PMs of hgperwelocitg stars to trace their origin and constrain triaxial models.

Exoplane’c & binarg detectable Periods up to 40 yr with Gaia + GaiaNIR
(Saturn P=29 yr).

Exoplanets In du5t9 and star Forming regions.

Exoplanet communitg SUPPOFt IS very importantl
Solar System orbits for >100,000 objects ~ great!9 imProvecl.
All of this for up to ~2 billion Gaia stars!
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5. RF & Catalogue Agemg

Gaia
i 12017 ]
The RF clegracles slow|9 (RF spm accurate to < 0.5 uas 9r~‘) = ;
g 10 i
but other sgstematlc FPMs patterns will show up, €. £ \/
E i .
Galactic-centric acceleration of ~5.0 uas g : o z
The Positional accuracy of the Catalogue will cleg’rac{e dicto ,
PM errors - requiring a new mission to upclate the catalogue. B T T T —T
epoch ;
A strong science case is to expancl the Gaia RF to the NIR sE e a0 ; |
increasing its clensitg in obscured regions for use in future . 1V s
£ 0.500] | =
observational astronomy. é : . ey
% 0.100 o G=16
2 : E 0.050 [ : G=18
Spm offs such as PM Pattems and GW constraints are : V — G=20
% 0.010} ]
imProvecl due to better PMs onos\/ﬂ pre e
15501 0 ‘1550‘ s ‘2600‘ i 12650‘ G ‘Z;db i

epoch
Degradatlon o1C the astrometric accuracy OF thc mdlwdua! sources in the Gala ca’calogue (toP Pane) and o{:

the common solution usmg]O years of Gaiaand 10 gears of GaiaNIR data (bottom Pane) lmage S. Klioner.
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fThe big sclence question!

)

A new mission can measure the hidden

stars not seen 139 (a1

It is analogous to comparing Hubble and
James Webb

A new mission can measure stars for the

entire skg!

The most important NIR science cases lie

Visible : E : oo . = " Infrared
. e .

in the Galactic Plane and star Forming

regions _ Gala cannot reach them,
GalaNIR can.

Comparison of the Carina Nebula in visible light (left) and infrared (right), both
; : images by Hubble. In the infrared image, we can see more stars that weren't visible
Can we also get their RV’s? before. Credit: NASA/ESA/M. Livio & Hubble 20th Anniversary Team (STScl)
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space missions.

NIR global astrometrg.

4

4

* AVoyage 2050 science case white paper was submitted August. 2019.

* Voyage 2050 sets sail: ESA chooses future science mission themes, June 2021

N

White Papers

* 102016 ESA announced a call for new and innovative science ideas for future
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26 Proposals were received and 5 were selected for further stuclg ~ inclucling

In late 2017 ESA conducted a Concurrent Design Facilit9 (D) stuclg of our
Proposal and the results were Published in earlg 2018.
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In 2019 a science and a technical white paper were submitted to Astro 2020
for a US-EU collaboration on a||~s‘<9 NIR astrometry.
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\/ogage 2050 - Large class themes

Voyage 2050 identified two main themes: Voyage 2050

. | L L PE ol b ol | | L Final recommendations from
Exop anets that may ost iire: “Ir it 1s tound that at ieast 10 ’cemperate EXop anets can be the Voyage 2050 Senior Committee

characterised and thus that a scientific breakthrough can be achieved in a feasible and

atfordable mission, then the committee recommends such a theme be selected for the third

Large HiSSIOn "

Hidden regions of our Galaxg: “1f this is not the case, the committee instead recommends

that ESA select the “Galactic Ecosgstem with Astrometrg in the Near-infrared” for a Large

mission.”

“The compe”ing nature of the astrometrg theme is also highlig]ﬂtecl bg its inclusion in the

Medium mission recommendations.” - International cooperation is needed in this case.

. The US Astro-2020 survey suggests builcling a Iarge space
telescope to search for signs of exoplanets that might host life. The
~'_ report calls for a mission in the 2040s and for coolz)eration with ESA.

It 1s logical for ESA tojoin etHorts with the US on exoplanets.
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https://www.wired.com/story/nasa-wants-to-photograph-the-surface-of-an-exoplanet/
https://www.wired.com/story/can-alien-smog-lead-us-to-extraterrestrial-civilizations/
https://www.wired.com/story/this-is-how-aliens-might-search-for-human-life/
https://www.wired.com/story/what-scientists-can-learn-from-alien-hunters/
https://www.wired.com/story/will-we-recognize-life-on-mars-when-we-see-it/

- ESAs GaiaNIR Design
& GaiaNIR is based on a off-axis f=35m Korsch telescope as Is
Gala, but differs in:

* The mirror surfaces are simple conics to simplhcg

manugacturing) alignment and test.

* [Entrance Pupil is at a flat folc ing mirror in front of the Primarg

instead of on the Primarg mirror itself.

Figure 5-34: GaiaNIR optical surfaces and the light path |
o

o The oPtical Path of the telesco[:)e IS composed of:

) Primarg mirror
* 4x Flat mirrors:

. Atthe entrance PuPi (2 cleﬁning the BA)
2. Folc iNg mirror (after the exit PuPil) |

] Seconclarg mirror

< Tertiarg mirror

5. At the exit Pupil (cl<:~s]:>in mirror)

Figure 6-2: Gaia-NIR Spacecraft main elements

e e e
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Detector Status

ltalian (UK) | eonardo have small APD’s with lﬁigh Frequency readout

making them ideal for a scanning (Time Delag lntegration) telescopes

Technical Readiness Level is relativelg high

Australian National Universitg use them on grouncl telescopes and

Plan to cleplog them on the 1SS

For Wavelength cutoH we have oPtions for 2500nm or 5500nm

- Do we have imPortant science cases above 2500nm?

= oo many stars to download - onboard Processing needed!

Too much crowding and blenciing it we £0 to very Iong wavelengths.

TDI mode is Possible but not for short (< 800nm) Wavelengths

T i T —_

The SAPHIRA is a 320%256 pixel linear-mode
avalanche photodiode array capable of ‘noiseless’
readouts via an upstream signal multiplication of
several hundred.
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‘The module concept

<— 25mm max —>i.e. 1600 pix max

In Gaia with 10micron pixels along scan the dwell time
and 4500 TDI stages, the integration time was 4.42s per
CCD

Common Frame n+15 The co-adding function is executed in software.
contact

Y

Over range pixels can
| = silicon be controlled to avoid

saturate of bright stars
and high density fields
in the Galaxy!

Frame n+29

For example, in GaiaNIR, with 15micron pixels the array is read
every 1.47ms and with 3000 total TDI stages the combined time
is 4.42s is reached

Digital readout (1 frame per TDI shift) Credit: Oscar Gonzalez (UKATC, |
STFC-UKRI) lan Baker (Leonardo)



Quantum Efficiency and wavelength range
Credit: Oscar Gonzalez (UKATC,

AR coating STFC-UKRI) lan Baker (Leonardo)

Proprietary low resistance backplane
Transparent 1.4-2.5 um

P-n junction

Multiplication region

N-type
. 1

Multiplication region
N+ contact

1.45 - 2.5 um - internal QE — 100% 0.8 — 2.5 um - internal QE — 80-85% (can be extended to 3.5um)

Other suitable coating options offer the possibility to handle wavelength cut-offs to define the Gaia-NIR bands
without the use of filters.

Readout noise and dark current

Wavefront sensing applications have driven frames rates up to 200 kframes/s and avalanche gains to x600
achieving read noise as low as 0.26 e- rms and enabling single photon counting.

Work at the University of Hawaii and European Southern Observatory has demonstrated dark currents in the
4-10 electrons/hour range and, with avalanche gain, offers the prospect of much higher science return from

ground-based and space-based astronomical telescope projects.
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The Focal Plane & Filters

Gaia Focal Plane

Sky Mapper Astrometric Field
CCDs CCDs
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r)

Radial-Velocity
Spectrometer
CCDs
—
Star motion in 10 s

$(1.D0) AN Py

Linear Mode APDs are the most Promising detector for GaiaNIR

Cooling strategy must be passive (T90K)

We can live with poorer astrometny {:or Hue stars (<800nm)

Max wavelength - 2500 nm

Filter Photometrg with different A cutofs can be achieved in manufacture or bg clepositing filter material

No SMs - track motion of stars instead to determine the FoV

|
g
D

GaiaNIR Focal Plane

2500 2500 2100 2100 1700 1700 1200 1200 nm cutoff Amax with Amin = 800 nm

\ 4

SM + NIR Astrometric &
AF + CF Colso:rnll?el';ic ﬁiH‘
(AF+CF)
LLLL
EIVEIE

RVS Spectrograph

4x3x3= 36 APDs (TBD)

An RVS SPectrograPh 1S a great oppor’cunitg? - space is available for more full Wavelength detectors!

A 4




End Of Mission Ac:c:urac:g
- D

71 2 2
| N;TPdet (G) (US - Ucal)

O — TN

pdet 1s the detection probability in a single transit;

o¢ angular uncertainty AL from one CCD transit [rad]; 30 Photocounts
Ocal accuracy of astrometric or photometric calibration [rad]; — B1V
N; is the number of instruments and m is a safety factor of 20%. 7'_ 25 . G2V
= — MOV
c
e bject s] \ I i
T = -~ = Total integration time on object per sources :n 20 - KSIIl AvS
NeA e —
i L Integration time per CCD]s] = M3II_AvS
W 2 15 - —— Brown dwarf
where S
2
w is the scan speed [rad s™']; S 10 -
A¢ is the angular pixel size along scan [rad] and; o
b
N¢ is the number of pixels per CCD in the scan direction [e—]. = 05
=
L = effective mission length (i.e. excluding dead time); 0.0 1 ! e ———
Q) = 1.2 deg? = detector solid angle per instrument . al A i AN 0

= : ] Wavelength A [nm]
oo = 1 47(8@% f ) Sky averaged parallax factor
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Parallax error [§ = 45.0°] scaleAc =1

—— A=0950nm
Gaia 400 nm
506.0 pas -
P
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G magmtude [G]
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Parallax error o, [uas]

G maagnitude [G]
Parallax error [§ = 51.5°] scaleAc =1

GaiaNIR Bands 80 ' A = 2500 nm
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Photocounts

B1V

G2v

MoV
B1V_AvS
K51II_AvS
M3II1_AvS
Brown dwarf

GalaNIR vs Gala

Faint red stars are better in GaiaNIR comparec to Gaia

Number of photons [m™2 57! nm™]

1000 1500 2000
Wavelength A [nm]

+ | ower read noise gives a linear increase with magnitucle and helPs faint stars most

*» Most stars are faint!

* RCC! star IOﬂg wavelength range l"lC'PS recover gOOCl 8CCUF8C3!

> Blue stars sti” Wor|< but aic less accurate!

Z=51.5° B1V G2V MOV | BIV Av5 K5I Av5  MB3III Av5 | 1OW2
Dwarts00x

Bright *
G=6 2.0

G=15

mag
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‘Canwe get billions of RV’s?
RV’s are super important for Galactic dynamics

o TheRV sPectrograPh was avoided to fit in a Medium-class mission. A
downside is that it would increase the costs the data rate signhqcantlg but
the science return could be outstanciing

e [lowever, if we slow the scan rate for Part of the mission we could get Iarge
numbers of RV’s - e.g 2yrs Astrometrg +2yrs SPectroscopy, cic.

* A SlOW scan rate WOUIC! BISO a”ow d CICCPCY' SUFVCH

AN long baseline still gi\/es goocJ astrometrg as gaps in the normal scarming

Satellite spin axis

law clo not matter much

aia asig/a
o) B T N T T P e ey BTN e ™A~ - mre— s ¢ P - ~ T T L ey e T T — - = — I R — C OOOOOO tiVe G
great circles

Line of sight 2



Conclusions of coml:)arison of Gaia CCDs and GaiaNIR APDs

)

Summary

For Gaia CCDs we rel:)rocluce the nominal accuracy (sliglntlg better due to simple moclels)

For GaiaNlRAPDs we get better astrometric Pemcormance for several reasons

= Rever”:ing back to oPtimal scarming law Parameters (e.g. sun aspect anglej scan rate, etc.)

=  DBroader wave ength range more than compensates 1Cor longer observing wavelength

-  LOWEr reacl noise ancl IOW@F backgrouncl noise are game Changers {:Of' astrometrgl

- Instead of goiﬂg to longer wavelengths it is better to g0 fainter (’”Z?rd mag)l
The combinations of these iml:)rovements results in a new mission that can outpemcorm Gaia!

lncluclinga sPectrograPh and a slow scan rate for part of the mission could give a cleep a”~5|<3 |
astrometric and RV survey for billions of objects! |




| The Hera Mission - Creation of the Milkﬂ Wag

One legend explains how the Milky Way was
~ created. Zeus was fond of his son, who was born of
- the mortal woman Alcmene.

. He let the infant Heracles suckle on his divine
- wife Hera's milk when she was asleep, an act which
- would endow the baby with godlike qualities.

When Hera woke and realized that she was
' breastfeeding an unknown infant, she pushed him
. away and the spurting milk became the Milky Way.
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