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Science Cases

I Aclcling NIR astrometr9 and Photometrg to Probe the
clgnamical y important hidden regions of the Galaxy =8l Voyage 2050

Final recommendations from
the Voyage 2050 Senior Committee

at least 12 billion stars. Going cleel:)er could gjve up to 7
billion stars (725% of the Galaxy)

A combining GaiaNIR with ~2.0 billion common stars from
Gaia with a 20 yr time gap would gi\/e much better PM’s

A Resetting the Gaia oPtica RF and cata ogue. Expansion

of the optical RF to the NIR is super important

https://lin\<.SPringer.com/article/]O.iOO7/510686~OZl~O%77Oﬁ~z

41 ow resolution clispersion spectra for most of the stars

o Aclclinga radia Velocitg spectrograph could give vast

numbers of radial velocities - magbe a billion!
GalaNIR 1s a cliscoverg mission clesignecl to unveil the
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https://link.springer.com/article/10.1007/s10686-021-09705-z

- Nano-arcsec

The numbers 17.6=0.80w and 15.4=0.70x
uas are the sky averaged position

components of Gaia DR4 after ~5 years
and 4/ 2 is extrapolation to 10 years
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ty — Ig Provicle N‘IR stars

~PMs "

2050

An earlier launch will decrease the PM accuracy

Second EPOCI"I
GaiaNIR 10yr (2050)

A 20 year gap

More than an order of magnitucle imProvement

in PM’s comparec to Gaia DR4 giving nano-

arcsec PMs 1Cor some common stars.
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The big sclience questions!

% Sy ; Gaia GaiaNIR
* A new mission can measure the hlclclen stars (Hubble Visible) (Hubble NIR)

. not seen bg Gaia! | . e e

| * NIR science cases lie in the Galactic Plane

(Bulge/bar/cli:éc) and star ?orming regions

] * Connections to ear|9 universe cosmologgl

g

| ® Detter PM accuracy will allow, for co

| * PMs of galactic streams can Probe halo DM structure;

* PMs in clusters can Probc their halo DM;

Long Periocl binaries and exoplanets (solar o

system ana ogues)

+ GaiaNIR wil map the Galaxg and answer big

> . - -
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~ GaiaNIR is based on a off-axis £=35m Korsch ’CCICSCOPC as Is Gaia,
 butdiffers in:

GaiaNIRSmall

—

he mirror surfaces are simple COnICS

+ FEach entrance Pul:)il is at a flat Folcﬂing mirror in front of the
Primarg

e s AT T A A T T PP O S S Ty TR R Ty VI e 8

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

S L IR i s 3 o i ka5 s i g e G N i

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

A i

) Primarg mirror

s 4x Flat mirrors: -
I Al the entiance PuPil L cleﬁning the BA)
2 I:olcing mirror (after the exit PuPil) b

;

] Seconclarg mirror

< Tertiarg mirror

5. At the exit Pupil (cle~s]:>in mirror)
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Figure 6-2: Gaia-NIR Spacecraft main elements
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Fig 2.1: Pa ation of the //l[ the etric instrument in [l/ /lu_«//h
D N / ! 11/ obscuration u/mz, 1/ perpe 1 l l n H is set by the

s e .~ Drawing not to scale

Mission Resolution

Gaia (Amic=700nm) |0.12°
with D=1.45m

GaiaNIRMedium 0.24”
(Azf=1600nm) with D=1.7m Two Improvements
BA « double the width of flat BA mlrrors

* a segmented primary mirror

GaiaNIRLarge 0.12”
(Amia=1600nm) with D=3.5m

Folding Mirror

Primary Mirror (MI)]
Tertiary Mirror (M3)}—\ /

Rotating error

,_

*
*
*
0
*
y 3

The resolution andparallax errors
are inversely proportional to the | =
length of the primary mirror Dmax |

A Dmax = 3.5m ¥

Design
O-’IU X Gaia NIRSma” |Secondary Mirror (M2)|

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



ltalian owned Leonardo UK have small APDs with high Frecluencg readout.

Detector Status

AFDs ampl@ and measure signals in photon starved environments

GHz varant I’ngh speecl devices Possiole for TDI operation

' Noiseless signal amplification - perfect for faint astronomical applications
gnal amp P PP

. For wavelength cutoff we have options for 2500nm or 3500nm

'

——

—~—

—

Few science cases above 2500nm
We start Picking up thermal IR
Too much c:rowcling and blending at long wavelengtl'xs

Too many stars to download - onboard Processing needed!

. TDI mode is Possible but for < 800nm studies are still needed

- Studies of the detectors are now ongoing in the UK

SRR o e A", AL M e POl N - o Nt o T o PR e - e At e e (T S 3 T T e ey Aty ™t
b i cap - Ra s e 2 e SRl VSN A e -

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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MVGaiaDN Detector Meet
Mee‘cing being held in Cambriclge In Julg 15»-16‘5]1 to discuss technologg for GaiaNIR
Technical challenges of space-based astronomy
https://indico.ast.cam.ac.uk/event/8/overview |
:
5 " . > !
Industrial Partners like Leonardo UK will attend and all People interested are welcome |
Update of LmAPDSs for low background flux applications ) ‘ f
Dimensions 512x512/24pm 1024x1024/15um 2048x2048/15um
Detectors provided to consortium First science grade devices under
Status partners for evaluation and assessment — see Charles-Antoine Prototype arrays manufactured
system development. Claveau talk tomorrow for further details.
Collaborator ESO, Max Planck and NCR NASA APRA ROSES, University of Hawai'i ESA
Current Wavefront sensing for extreme
Planned Adaptive Optics (AO) Extreme low dark current applications Earth Observation
Uses Over 2000 frames per second.


https://indico.ast.cam.ac.uk/event/8/overview
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The Focal Plane & Filters

Gaia Focal Plane

Amin — Amax nm

GaiaNIR Focal Plane

>

A .
o

800-2300nm

| : [l
: £ 4
J o W
| g z
. : i
| B
4 z -
Q . Radial-Velocity
- s ¥ Spectrometer
- L CChs
—
g= J. Star motion in 10 s
Sky Mapper Astromeltric Field
CCDs CCDs Astrometry

* Linear Mode APDs are the most Promising detector for GaiaNIR

. Coo!ing strategy must be passive (T90K)

* o NMax wavelength ~ 2500 nm, blue stars (<800nm) are more cha“enging

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

. it Photometrg on astrometric field bg depositing filter material on detectors
* Lowresolution spectraona dedicated field for as’tro]:)hgsica] parameters

¥ An RS SPectrograph IS 3 great OPPortunitg’?

E=]
Ny || NH
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EN

800-1150-1400-1800-2300nm 800-1400-1800-2300nm 1890-2020nm

NRrvs

LowRes-Spectroscopy

HighRes-Spectrometry (RVS)

Astrometry & ‘ H H |
Filter-Photometry ‘ H _H il
H H 4x3= 12 APDs (TBD)

56 astro, 21 dispersion, 14 RV detectors

A modular concept uses small
detectors to form larger ones

e 7T Tt P PP Ty ¥

bz s T T e T T T Ks T
100 w0y ™o 1 i Jr N "Y’ 1 I o mr.'!“rw "T
[ N~ el I}ﬂ
i [ ol W L
80 - ‘ \‘ ‘\ \u' i L '}
b o [ 1ff] B8 (R Al
o) \ [ § ! Wl
S - il 1 i “ L
b 60 |- ‘ P i
:‘/.: - \ l | i ‘ 4
=] - | I 1
2 L | it [ ‘
© 40 - Wi | .
= ' |
| |
| i i‘
20 || i
I f | |
0 . | L L . s Nt
1.5 2 2.5

Al pm]

Example from VVV
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End Of Mission Ac:curacg

: =
i 2 2
LV T Pdet ( ) .
pdet 1s the detection probability in a single transit; 3.0 ] Photocounts
o¢ angular uncertainty AL from one CCD transit [rad]; — B1V
Ocal accuracy of astrometric or photometric calibration [rad]; FT . G2V
N; is the number of instruments and m is a safety factor of 20%. g ' MOV
- B1V_AV5
L . - . “ 50 K5III_AVS5
T = — = Total integration time on object per sources] o~ : =
47TA 'E —— M3IIl_AV5
N, =
o=t S = Integration time per CCDs] " —— Brown dwarf
w c 1.5 -
O
where =
. iy | e
w is the scan speed [rad s~ °|; o 10 -
A¢ is the angular pixel size along scan [rad] and; °
V
N¢ is the number of pixels per CCD in the scan direction [e—]. Q
£ 0.5 -
=

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

0.0
Q) = 1.2 deg® = detector solid angle per instrument 0

T e —— { .ﬁ
500 1000 1500 2000 2500 |

Qo = 1.47(32'71 5)_1 Sky averaged parallax factor Wavelength A [nm]

B

e - - S — S —
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10 5 10% 5
_ 10° 324 uas _ 10°
R 5 122 pas
Et 1 52 pas / E
2 102 4 S 102 4
5 //2/ R 24 yas ///////
g 10! / £ 101 / 5
f
10° . . . . . . . : 10° ; ; ; ; ; : : : }
6 8 10 12 14 16 18 20 22 24 6 8 10 12 14 16 18 20 22 24 ';.
G-Magnitude G-Magnitude {
. . GaiaNIR Focal Pl . . l
GaiaNIRwmedium Optics e PR | GaiaNIRLarge Optics |
;
J | H ;
Astrometry ‘Astrometry& M il H
Filter-Photometry j IEE] H
EIEEDEE|
EIEENEE]
s Identical runs for M§lll~AV5~TCFF§§OO~loggZ.O~1Ceh red glant giving a coml:)arison between Gaia CCDs and GaiaNIR APD’s

D

Detector Comparison (5

Parallax error for M3IlIAv5 [€ = 45.0°]

104 5
0.9 mas
— 103
v 17.3|mas
=
=
S
2 102 4
GJ g
X
O
©
©
o 1ol /
100 T T T T T T T T
6 8 10 12 14 16 18 20 22 24
G-Magnitude
Gaia Focal Plane
A >
.
. . A d
El ;_o 7 A1
: BN
E; 5 Radial-Velocity
e 9 9 Spectrometer
CCDs
—
\ Star motion in 10 s

Astrometric Field
CCDs

Sky Mapper
CCDs

Parallax error for M3IlIAv5 [§ = 51.5°]

Parallax error for M3IlIAv5 [€ = 51.5°]

e P e

i B s it LR i a W T < P

APDs shows a linear (Iog) increase in error with magnituc]e comparecl with an exPonential increase in CCPDs
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Gaia 5yr

B1V
Ga2v
MoV
B1VAVS
K5I1IAvS
M3IIIAVS

G Magnitude

=

Proper Motion error g, [uas yr-)
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B1V
Gav
MoV
B1VAVS
K51lIAvS
M3IIIAVS
BDW

GaiaNIRmedium Syr

G Magnitude

SOURCES_E3_04
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DR2

5 6 7 8 9 10 11 12 13 14 15 16 17 18
G (mag)

19 20

Proper Motion error g, [uas yr-!]
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G Magnitude
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Combined Gaia 10Yr and GaiaNIR arge 10yr
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GaiaNIR Summary e

For GaiaNIR APDs we get better astrometric performance for several reasons

= Broacler wavelength range more than compensates For longer observing Wavelength

= He mentecl MIrrors would double the resolution and co”ect more ho’tons but atacost
g P

| ower T’CBCI noise anci IOWCY’ backgrounci noise are game Changers gOf’ astrometrg!

- A massive imProvemcﬂt in accuracy at the faint end Wi‘choutjoint solu’r:ionsJ i.e. for all stars

The combinations of these im

lncluclinga SPectrograPh cou

brovements results in a new mission that can outpemcorm Gaia!

d gi\/e a &eep RV survey for a billion objects?
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Gaia Science Tree

Michael Perryman (v2, Jan 2025)

Essays 1-209 (Jan 2021-Dec 2024)
end nodes are hyperlinked to (Zenodo-hosted) essays

see also: michaelperryman.co.uk/essays

https://ui.adsabs.harvard.edu/abs/2024BAAS...56a.008P

Tumbling disk (95) > Dynamical effects

Effects on bar (112)

Effect of sub-halos (184)
Discovery methods (199, pending)
Compilations: EDR3 (71), (156)
GSE/Enceladus (15), (197)
Sagittarius (198)

Cetus—Palta (199)

Effect of black holes (176)

Virgo VSS/VOD (95), (156)

Defining solar motion (153)
Palomar 5: tidal tails (109)
Motions, orbit anisotropy (30)
Omega Cen (40), (157)
M4 and IMBH (177)

Aberration and Galactic rotation (32)
Proper motion anomalies/binaries (174)
Modified gravity/wide binaries, MOND (14)
Axions (110), (142)

Relativistic light deflection (104)

Gravitational redshift (113)

Halo streams

Distance scale (122)

Core-cusp problem (128)

Cosmology

M

Local group mass (94

Dwarf spheroidals: orbits (31
Andromeda (M31) photometry (83
Antlia Il (128

Local Group galaxies

<
Bulk motions (38)

Distance scale (122)

Hubble flow (93)
Magellanic Clouds
LMC (95)
SMC (171)
Rotation curve from DR2 (49), (113) ) Antlia Il (128) Extragalactic
Rotation
Oort constants (153) Disk warp (72)
Rotati from DR3 (196 Perturbations Dark matter
otation curve from (196) Phase-space spiral (114), (117)
Radcliffe Wave/Gould's Belt (127)
Morphology (114) Spiral arms Large Magellanic Cloud (95)
M hase- feat 190
Breathing motion (173) ore phase-space features (190)
Distance to Galactic centre (111) Bar Resonances

Arcturus and HR 1614 (116)

Origin and resonances (112)
Hercules stream, Eggen's groups (115)

Imaging (195)
Besangon model (125)
Thin/thick disks (125)

. Mass (93)
Anti-centre (39)

Bulk properties Escape speed (77)

Halo

Disk
Local mass density (75)
Maps of the Milky Way (143)
Age, merger/infall history (41), (91), (102)
Globular clusters Milky Way galaxy
Gaia
science

Structure and dynamics

Physical phenomena

Astrometric (11)
Photometric (84) ) Microlensing
Perspective acceleration (34)
Variation of G (87)
Gravitational waves (136)

Fundamental constants (110)

Benford's law (146)

Science synopsis (207)

Science highlights (208) J

Journal plaudits (209)

CCDs and CTE (183)

Technology preparation (57)
On-board detection (7)
Interferometer or monolith (56)
Basic angle (172)

Scientific project management (60)
L2 orbit (67)

Operations & commissioning (155)

Perturbations

Runaway stars (165)
Hypervelocity stars (22), (166) CNS5 to 25 pc (129)

GCNS to 100pc (33)

Mass density (75)
Local Bubble morphology (70) )
Diffuse interstellar bands (92), (160) Interstellar medium

Solar motion (153)

Distance to Galactic centre, dynamical/Sgr A* (111)
Sun's location/motion

Sun's height above disk (126)

Distance to Galactic centre (111)

Solar
neighbourhood

Summaries to 2024

Angular measurements (1)
Star positions (2)

Context
History of astrometry (3)

Hipparcos: the push to space (4)

Hipparcos: concept to launch (154)

Scientific case in 2000 (53)

Choice of Galactic tracers (6) Stellar physics

Gaia and GDP (9) Scientific .
Input catalogue vs on-board detection (5)
German DIVA project (50)
5

Miscellaneous Latex and ADS citations (123)

Metrication in UK (170)

Plane-of-satellites problem (118)
Cepheid distances, HO (44)

Ages: stars older than 13.8 Gyr (69)
Quasars and lensing (16), (58), (161)
Quasars: cosmological constraints (162)
Dual active galactic nuclei (163)

Galaxy survey (82)

Simulations (194)
Black holes and TDEs (206)

Reference frame: ICRF, quasars (27)
Astrometry
Iterative solution: formulation (46)

Iterative solution: implementation (47)

Overview and implementation (68)

Synthetic photometry (187)
Photometry

Identification of variability, DR2 numbers (61)

Importance of RV (8) Variability across HR diagram (62)

Science alerts: transients, SN, lensing, TDEs (36),
(202), (203), (204), (205), (206)

LPVs: radial velocity time series (158)

Wavelength interval (85)

RVS instrument/acquisition (86)

DR3 content (87)

Antlia Il (128)

Citizen science (132)

Derivation from BP/RP in DR3 (169)

Disk—halo dynamics (95) Variable stars
Metallicities and gravities (189)
Extinction (191)

Chromospheric activity (200)

Local mass density (75)  Catalogue content Cepheids, period—luminosity (43)

Palomar 5 tidal tails (109) RR Lyrae, DR2 numbers (45)

Solar activity (28) Variability types Ellipsoidals (133)
DR1, DR2, EDRS3 (10)
DR3 (76)

Classification/parameterisation (89)

Mira variables (185)

Data releases o
Catalogue validation (63)

Videos & visualisations (54), (147)
Solar siblings (17)

Solar analogues (120)
Sun related
p: Light deflection (104) Objects in DR2 (64)

Stellar flybys (35) Improved orbits from DR3+ (159)

Solar activity (28) Interstellar vagabonds, Oumuamua (25)

Solar system Minor bodies

Stars
Nearby stars

Reflectance spectra, classification (180)

Asteroids: impact risk (48) Yarkovksy effect and NEAs (181)

YORP effect and spin states (182)

Occultations (24)
Astrometric discoveries expected (19)
Gaia's first exoplanets (78)
Transit photometry (78)
Gaia's third exoplanet (203)
Radii (21)

Occultations: stellar diameters (137) Interplanetary navigation (52)

Earth related Maunder minimum (23)

Fermi paradox (100) Earth rotation, polar motion (26)

SETI Life on other worlds (97) Is the Earth flat? (96)

Boyajian-types (98), other (55)

Exoplanets

Hot Jupiters (65) Non-single stars: statistics (79)

Dyson spheres (99)
Mandalas (12) Y P

Cataclysmic variables (140)

Habitability (66) Ellipsoidal variables (133)
Pinpointing for imaging (85) Resolved binaries within 1 kpc(134)
Twin binaries and star formation (138)
Groupings
Triple systems, Lidov—Kozai resonances (135)
Binaries
AM CVn (204) B Quadruple system: orbits and mergers (139)
FGKM stars (90) OB associations (18) Spectroscopic binaries, circularisation (145)
192
OBA stars (90) Molecular clouds (192) Masses from SB2 binaries (179)
M dwarfs (42), (152) Proper motion anomalies (174)
AGB stars (90), (91), (121) Wide binaries: eccentricities (37), MOND (14),
formation (193)
Wolf-Rayet stars (105)
Carbon stars (90), (167)
In EDR3 (74)
Star types S stars (168) In DR3 (144)

Brown dwarfs (119), ultra-cool dwarfs (90) Stell tation (103)
ellar rotation

Open clusters Moving group and traceback ages (186)

Late stages

Supernovae (59) Hyades Main sequence (151), Black holes (175)

Supernova remnants (81) Distance, structure, white dwarfs, brown dwarfs (20)
Planetary nebulae (37), (124)

Neutron stars and pulsars (80) Pleiades: distance, tidal tails (13)

Coma Ber (33)
Westerlund 1 (106)

Individual

Young stellar objects (201) Cyg X-1 (101)

HR diagram, DR2 results (42) Astrometric binaries, BH1 (101)

Numbers and space density in DR2 (29)

5

Stellar evolution models (121) Black holes Microlensing detections (101)

Bifurcation in HR diagram (29), (108), (178)

Jao gap in M dwarfs (152) Companions to ellipsoidals (133)

Core composition (107)

Stellar rotation 3 million stars (103) Influence on cluster dynamics (175)

Mass—radius (107), low mass (29), ultramassive (108)

Conveetion, overshooting (150), (152 > Influence on globular clusters (177) Cooling and crystallisation (42), (108), (139)

White dwarfs

Initial mass function (130) » Influence on stellar streams (176) Binary systems (42), (134)

- and s-process elements (91) » Tiny black holes and sub-subgiants (164)

Sun's height above disk (126)
p:
Sgr A* < Distance to Galactic centre (111)

Asteroseismology, double degenerate binaries (108)

Masses from SB2 binaries (179) Atmospheric pollution (73)

Asteroseismology (51), (108), (149) Double white dwarf mergers (131)

Tip of the red giant branch (188)
White dwarf pulsars: AR Sco and J1912-4410 (141)

Non-radial pulsators: SPB and Gamma Dor (148)



