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Science Cases

Aclcling NIR astrometr9 and Photometrg to Probe the Voyage 2050

Final recommendations from
clgnamica”g imPortant hidden regions of the Galaxg the Voyage 2050 Senior Committee

A new mission, combined with ~2 billion common stars
from Gaia with a 20yr time gap would give PM’s 15 times

better ancl ol:)en many new sclence cases

Resetting the Gaia oPtical RF and catalogue. Expansion
of the oPtical RF to the NIR is super im[:)ortant

https://lin\<.springcxicom/article/]O.1007/510686~OZ]-OQ705~Z

Aclclinga radia Velocitg spectrograpln could gi\/e vast

numbers of radial velocities!

GaiaNIR 1s a cliscoverg mission clesigned to

unveil the nature of our Galaxy
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https://link.springer.com/article/10.1007/s10686-021-09705-z
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\/ogage 200

e Close to 100 Proposals (I counted 95) Voyage 2050

Final recommendations from

e Pu rPO se was to: the Voyage 2050 Senior Committee

. recommencl sclence themes For the next three large~class missions
° iclenti{:g Po’tential themes for future medium-class missions

e recommend areas for long~term technologg cﬂevelopment begond Vogage 2050

e The themes were selected bg ESAs Science Programme Committee
on 10 June 2021

o Vogage 2050 identified two main themes:

° Exoplanets that may host life

e Hidden regions of our Galaxg in Near Infrared

e The missions will be selected when ESA issues individual calls for
mission Prol:)osals <oy

s o e s e i 7
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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-oft’s
- A K-band cutotf with 12 billion stars makes more

sensel

e The star count ratio in the disk is uncertain due the

extinction model used which is a keg science case in itself o e S —

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

an astrometric revolution in itself through it’'s main

science cases!




Nano-arcsec yr'PMs ~ ~

2050
The numbers 17.6=0.80 and 15.4=0.70x

pas are the sky averaged position An earlier launch will decrease the PM accuracy
components of Gaia DR4 after ~5 years

and 1/ 2 is extrapolation to 10 years IC! e /
. Cucid, Roman,

\/<w> . <w> and JASMINE

G —

L e Provicle N‘IR stars

\/ <L~6>2+ <L~6>2 Second EPOC]"I

P Al IS A 20 year gap GaiaNIR 10yr (2050)
0y = \/<7.22(>)++1§T.2> = 0.51 pas yr-1 ¢

; 2025

e / o An order of magnitucle improvement (Factor
First Epoch Gaia I0yr F : ) Cl : o

| (2020) ot 15) in PM’s compared to Gaia DR+ gjving

2015 nano-arcsec PMs for common stars.

o, =~ 11.9 =0.540,, pas yr-! is estimated at G = 15 for Gaia DR4

e T T o T R T i T T g T




. NIR Astrometrg

Dustg Bulge/bar region IS dgnamica”g imPortant:

= Lo radial migration, bar Perturbations of the bulg@.
IMBH’s in embedded clusters may be detected?

Probe DM in the thin and thick disc and sPiral arms?
Unveil the inner disk which is not well known.

Map in detail the dustg slairal arms ~ astrometry for 100’ of millions of objects. ~
\/astlg imProve measurements of the rotation curve. 3 ot
Eixoplanets In dustg and star Forming regions.
Studg internal & bulk dynamics cncgoung clusters.

Many other science cases: brown cﬂwaﬁcs, M~clwar1cs, cool white clwaﬁcs, free

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

All of this for ~10 billion new stars!




| mProved Accuracg

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

T’CSO!VCCI ;

From space.fm

Better estimates of Galaxg mass and help resolve the cuspec{/ core (ﬂat) dark

matter Halo Problem?
IMBH’s in globular clusters like M54 or Omega Centaurn may be iﬂclirectlg detected?

Internal clgnamics of local group galaxies, dwarf spheroicls, globular clusters, LMC
& SMC.

Mal:) the DM sub-structure in the local group.
PMs of theﬁvelocitg stars to trace their origin and constrain triaxial models.

E‘xoplanet & binarg detectable Periods up to 40 yr with Gaia + GaiaNIR (Saturn
pP=29 gr}. Solar system analogue survegl

Wide binaries are Probes of DM theories.
Solar System orbits for >100,000 objects ~ greatlg iml:)rovecl.
All of this for ~2 billion Gaia stars!
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S R & Catalogue Agemg

xxxxxxxxxxxxxxxxxxxxxxx

100 |

e TheRF clegracles slowlg Een spm accurate to < 0.5 uas 9r~‘)
but other sgstematlc FMs Pattems show up, €.g. Galactic-

centric acceleration of 5.0 uas 3r~’.

positional error [mas]
=

o The Positional accuracy of the Catalogue will clegracie due to

PM errors ~ recluiringa new mission to ul:)clate the Catalogue. 19007 1850 C v dooo - W bep v oy
epoch é
: . S sy s e e e G§|a1+ GaiYaNYIR YYYYYYY
® A strongsclence case is to expand the Gaia RF to the NIR 5 7
increasing its clensit9 in obscured regions for use in future 7 1V — G=12
£ 0.500| .
b £ l Ig i ’ — G=14
observationa astronomg. 2 ; |
2 0.100, |, — G=16
E 0.050; é G=18
S SPin offs such as PM patterns and GW constraints are 7 \/ — G=20
0.010 | .
4 B $aneee (G0
1mProvccl due to better PMs e ] :
1500l — ‘1550‘ g ‘2600‘ . 12650‘ . LZ{OO i

epoch
Degradatlon O1C the astrometric accuracy OF thc md:v:dua! sources in the Gala ca’caloguc (toP Pane) and o{:

the common solutlon usmglo years of Gaiaand 10 gcars of GaiaNIR data (bottom Pane) lmage S K!loner
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4. Canwe a billion RV’s?

RV’s are super imPortant for Galactic c:lgnamics
o TheRV sPectrograPh was avoided to it in a Medium-class mission

o RV wouldincrease the costs and data rate signiﬁcantlg

* RV woulc gjve an outstancling science return

+ Howtoincrease the clept of the survey - A slow the scan rate or wider
detectors woulcl a”ow a deeper survey

» A long baseline still gives goocl astrometry
All this could allow a cleel:) RV survey for billions of objects

(at a < cost)
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The big sclence question!

+ A new mission can measure th@ l"HClClCﬂ

stars not seen bg Gala For ’tl’xe entire skgl

.. A comparison between visible and NIR is

shown!

o The most imPortant NIR science cases lie

in the Galactic Plane (bulge/bar} and

star gorming regions

r L long Pcriocl binaries can reveal BH’s or Probe gravitg;
IMBH’s in clusters.

* AS anew science case - can an we also
get their RV’s?

Gaia GaiaNIR

(Hubble Visible) (Hubble NIR)

A e M ol PR GaT] SRS TN
Vo N ‘,. 2 o BN g T

The Pillars of Creation in the Eagle Nebula. Image NASA.

SRS
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' ESAs GaiaNIR Design

e GaiaNIR is based on a off-axis gzﬁﬁm Korsch telescope as Is
Gaia, but differs in:

|« The mirror surtaces are simple conics to simplhcg

manmcacturing, alignment and test.

|+ Entrance Pupil is at a flat fola INng mirror in front of the primary

e T Tl Y AT Ry S0 e 5 TN R T P P £ R S B T P 7 IR

instead of on the primary mirror itself. .
Figure 5-34: GaiaNIR optical surfaces and the light path ; -

| ermal lenl]

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

* Primary mirror

s 4x Flat mirrors: e
I. At the entrance PuPil (2 cleﬁning the BA)
Z; I:olcing mirror (after the exit Pupil) e

;

] Seconclarg mirror

< Tertiarg mirror

5. At the exit pupil (de-spin mirror)
Figure 6-2: Gaia-NIR Spacecraft mgin eleTer}ts o AEP S P

o e P TR S T T T g TR et N W AT . N < e RN Ty E—C— '*""’-""""v—-—"j



Detector Status

ltalian owned Leonardo UK have small APDs with high ?requencg readout.

f Tl’ns makes them ideal

or T operation and theg can form larger detectors
< Techmca! Readiness Level is relatively higlﬁ

* ANUuse AFPDs on grouncl telescol:)es and will cleplog eln o

. For wavelength cutoff we have ol:)txons for 2500nm or 3500nm

- Do we have science cases above 200nm:

g Would we get too much crowcling and blending at long wavelengtl'xs he soRHlIRAIs 8 debne a0 el e il

avalanche photodiode array capable of ‘noiseless’
readouts via an upstream signal multiplication of

- Too many stars to download - onboard Processing needed! SeveRlILnoTed;

. TDI mode is Possible but for < 800nm studies are still needed
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The Focal Plane & Filters

Gaia Focal Plane

GaiaNIR Focal Plane

( L r r_ ) A I;| 800-2500nm - 800-||50-|400-2000-2500nmI:| 800-1400-2000-2500nm |500-|700nm; ]
) |+
| 1 = - -
d : I W
: | N S N . - |
B 2 2 Radial-Velocity g 2 ;
& ¥ Spectrometer 9 < :
= L CCDs 2
= J. Star motion in 10 s \
i v L] §
Sky Mapper Astrometric Field R — f
ccps CCs Astrometry Astrometry & FIREINE f
Filter-Photometry J _[ ﬁ 1{ H
* Linear Mode APDs are the most Promising detector for GaiaNIR G
: : - 4x3= 12 APDs (TBD)
. Coo!mg strategy must be passive (T90K) Avodiisrcorcese |
* Max wavelength ~ 2500 nm, blue stars (<800nm) are more cha”enging — studies ongoing Oetoctom o m g
+  No SMs - track motion of stars instead to determine the FoV wof BN T ’WN ' }‘_ .ff":;,nw".’!
. it Photometrg on astrometric field bg depos:tmgﬁltf:r material on detectors Lo W ‘ | 'fM | m
: , , ; s ] 11 (S
+  Lowresolution spectra on a dedicated field for as’tro]:)hgslca] Parameters ! ‘ N § ';
% _‘ ' “ |l |
*  AnRVS Spectrograph is a great opportunity? - space is available for more full wavelength detectors! £ i | |
peciog ppliaa et opporiunityl o op g .
[ N |
o 9 T B

')\I um |

Example from VVV



~ Table 1: Examples of broadband filter systems adapted from Ref. [13], [17] and [18] with wavelengths in nm.

- AA s the Full Width at Half Maximum (FWHM) in nm. For GaiaNIR the derived band NR is obtained from

-~ Ngr=N-Nj;-Ng-Nx and thus does not need to be implemented in hardware. The dispersion filter Nryj=Nr+Nj
o - combines the R and J bands for spectro-photometry again to reduce the amount of hardware needed.

— parallax
- position

1084 — proper motion

it

Astrometric uncertainty (microarsec)

1.60
Wavelength (1)



Etfective Modulated Transter Function

Chargé dittusion across Aberrations reduce Peak intensity of

the PIXCI boundaries the PSF: characterised ]39 Strehl ratio

1-D detector s:gnal
Il =M

" Mo (u, A) Mg(u, \)SAQrT> frd
U () = Me ()M (1) M () f/\mm 0( ) Ma(u, NSHQIT f

/ f . b ad)
¢
\ Stellar

Pixel width modulation

hoton flux
TDI smearing Transmittance
, Detector €1
Rate & attitude errors £
A '
AL/ N N
M + \
|- , s s \ |
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o =R Aupper Ama
Frequency [rad-] T G B




e i e __.aw.#-‘nmg\‘mk__ s ' X

ALV S CERATINGRSWENIE

End Of Mission Ac:curacg

O — TN

pdet 1s the detection probability in a single transit;

o¢ angular uncertainty AL from one CCD transit [rad];

Ocal accuracy of astrometric or photometric calibration [rad];

N; is the number of instruments and m is a safety factor of 20%.

L)
T=—
47
NeAE
T =
W
where

= Total integration time on object per sourcels]

= Integration time per CCDs]

w is the scan speed [rad S_l];

A¢ is the angular pixel size along scan [rad] and;

N¢ is the number of pixels per CCD in the scan direction [e—].

L = effective mission length (i.e. excluding dead time);

Q) = 1.2 deg® = detector solid angle per instrument

g

— = 4y

sin &

) 4 Sky averaged parallax factor

|l

Number of photons [m~2 57 nm™?]

i NiTpdet (G)

30

203

2.0 1

15 1

10 A

0.5 -

0.0 -

41/2
(Ug " Ugal)

Photocounts

— B1V
— G2V
— MOV
—— B1V_AVS
K5Il _AvS

= M3Ill_Av5
—  Brown dwarf

PRSP S e S —0

i 7

. T - A TR - —r—

* |

500 1000 1500 2000 250
Wavelength A [nm]

4 s DO — x —d -
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s Identical runs for Mﬁlll_dAvﬁwTegéﬁOO_,loggZ.Ofeh red glant giving a comParison between Gaia CCDs and GaiaNIR APD’s

D

Separa

Detector Comparison

Parallax error for M3IllIIAvS5 [£€ = 45.0° ] scaleAc =1

— A =950 nm
18|mas
— 10° 4
T 506 pas
5
2 102
@V
>
;U
o —
g 101 N /
100 L 1 1 T . L 11
7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0
G magnitude [G)
Gaia Focal Plane
/\<

<

Jid
Jdd

= =

5 z r

3 = P

g g

g

:

” [ 3

= =

Q Q Radial-Velocity

g ¥ Spectrometer

CCDs

—

Star motion in 10 s

Sky Mapper Astrometric Field
CCDs CCDs

104
1 — scaleAc =1

Parallax error o, [uas]

100

Parallax error for M3IlIAv5 & = 51.5°]

=

o
w

N

102 -

516 uas

76 uas /

pad

=

o
-

1l

=

40O
4 O
=

7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0
Magnitude

GaiaNIR Focal Plane

Amin — Amax nm

800-2500nm 800-1150-1400-2000-2500nm 800-1400-2000-2500nm 1500-1700nm

ax
| H

Astrometry &
Filter-Photometry

HighRes-Spectrometry (RVS)

Astrometry

APDs shows a linear (Iog) increase in error with magnitude comparecl with an exponential increase iIn CCPs

A ancl Fs better qu astrqm¢tr_g anc;l afa_’gfofhgsics!

i B s e it ML i 4 T < P

R Bt T L e

S 2 iR

4 s DO — 2




Parallax error o, [uas]

EoM 5yr parallax error for various stars

104 - . .
—— B1V
G2V
— MOV
10° 4~ BIVAVS
1 —— KS5IlIAV5
—— M3IIIAV5
1024~ BBW
10! -
10°
75 10.0 125 150 175 20.0 22.5

G-Magnitude

25.0

Parallax error o, [uas]

EoM 5yr parallax error for various stars

104 -
103 -

102 -

B1V
G2V
MOV
B1VAv5

K5I1Av5
M3II1Av5
BDW

10% -

10°

7.5

10.0

12.5

15.0 17.5
G-Magnitude

20.0

22.5

25.0




Photocounts

T A Oy R TS T QN i <

Faint red stars are better in GaiaNIR comparec to Gaia

B1V

G2v

MoV
B1V_AvS
K5III_Av5
M3II1_AvS
Brown dwarf

Number of photons [m™2 57! nm™]

1500 2000 2500 |
Wavelength A [nm]

+ | ower read noise gives a linear increase with magnitucle and Hell:)s faint stars most

Most stars are taint! | | ' Yes, | don’t think | have |
: ~ - persuaded everyone how

Red star long wavelength range helps fecoVer good acCuracgl ?an'(\:-f:h;lr;gingAPDs are |
or Gala

Blu'e stars sti ” work but 3ic less accurate! an Baker, o ‘K-.

Brown

(CYAY B1V Avb KbS5III Avb MS3III Av)
Dwarfoo0x

0.6
0.5 1.2

0.7 2.7

WE};‘\;&}&%« Beon
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' ESAs GaiaNIR (72045) (0.8-2.5 um and G-mag25.57) ®

53nergies

ESAs Euclid (2025 (0552 0 llm and H-mag ~24.5)
Vera C. Rubin Observatorg (LSST) (72024) (0.3~1.1 um and V-mag ~25)
NASASs Roman Space Telescope (72026) (0.5-2.% um and H-mag ~245)

JAXAs JASMINE (Japan) (72028) (1.1-1.7 um and H-mag ~15)
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‘ Sgnergies with Euclid

o FEuclid will 5tu&3 dark matter and dark energy.

+ Points out of the Galactic Plane and will see stars in the halo

ESA's Euclid (~2023) (0.55-2.0 um and mag ~24.5)

The Euclid wide and deep surveys (image credit:
ESA/Euclid Consortium)

o Combined with Gaia/GaiaNIR to improve PMs

e Fewer NIR stars in this skg survey 15000 degz) but it is still useful!
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Sgnergies with Rubin

The Vera C. Rubin Observatorg (LSST) is a wide-field telescope with an 8. 4-
meter Primarg mirror (320—-1060 nm).

Covers 18,000 clegz-

| ess accurate down to 20th magnitucle but goes much cleel:)er than Gaia, about i
mag 25

Number of Visits
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Sgnergies with Roman

* NASAS Nancy Grace Roman Space Telescope (T 2026) targets dark
matter and dark energy, exoplanets and NIR astrol:)hgsics atl 2

'+ FoVis 100 times > Hubble’s

e A High |_atitude Survey s Planned (2000 clegl)
e Galactic Bulge Time Domain Surveg ~ exoplanet detection with microlensing and transits vl deg’-)

e Recent Proposal NANCY: A”~sl<g NIR astrometrg (two epochs - NO Para”ax)

A. o NANCY would be a useful first epoch when combined with GaiaNIR  EEEA
Lt give 10 billion PMs with sub-uas accuracy ‘

* Do they have enough fuel (to clesl:)in RWs) for 2 x <1259 cleg?- ?

o Fach a”~s‘<9 scan would cost 204 clags and interfere with the main surveg!
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Sgnergies with JASMINE

o The JASMINE (Japan) (0028 U147 1iip ane mag ~15) and bright (Hw< 15 mag) stars
+ NIR relative to o) astrometry within ~100 pc from the GC mainlg the Galactic nuclear bulge "

- Exoplanets for M»-tgl:)e majin sequence stars using Photometrg

Small-JASMINE

National Astronomical Observatory of Japan

JASMINE Project Office

Excellent Pathﬁncler for GaiaNIR
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- Summary

For GaiaNIR APDs we get better astrometric Pemcormance for several reasons

- Reverting back to optimal scanning law parameters (e.g. sun aspect an le, scan rate, etc.)
5 - S P 5 P &

- Broader wave cngth range more tlﬁan compensates 1Cor longer observing wavelengtlﬁ
- | ower read noise and lower backgrouncl noise are game changers for astrometrg!

- Instead of going to longer wavelengths it is better to o fainter (29524 mag}l

The combinations of these imProvements results in a new mission that can outpergorm Gaia!

lncluclinga spectrograEh an& a slow scan rate 1Cor Part 01[ the mission or elongated cletectors

could give a cleep all-s

Yy astrometric and RV survey for a billion or more objects!




