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Key questions:
few Myr old populations at three different spatial scales

ALMA (ESO/NAOJ/NRAO), NRAO,/ AUI/NSF

JWST NIRCam Image

What are the global

AR . . Which physical mechanisms
gf t}l:e e e)r’nb e How do ph}fsmal omechamsms Lo e
s o and dyfianiics Crive Dlugies formation of individual stars
stellar component of the formation?

, and planets?
Milky Way?



Why Map Embedded Young Stellar Populations?

Young giants

Poggio+25

Cepheids

_ | Gaia heritage: 8 8
- local spiral 6
o000 structures and
clusters within a 4 -
o0 few kpcs 5 .
. hints of a large- 9
- scale vertical ~ 0
. corrugation > -
propagating
1000 outwards in the —41
| MW (Poggio+25) —6 1
—-1500 —1000 -500 0 500 1000 1500 —8
X (kpc) X (kpc)
-15 -10 =5 0 5 10 15 -15 —10 -5 0 5 10 15
Ve (km/s) Ve (km/s)

¢ Build a Dynamical Model of the MW
¢ Uncover Large-Scale Structures

e Discover Large-Scale Dynamics

MW as seen by Gaia: bright regions show dense star clouds
dark features are massive dust clouds



2000: The IR revolution started with 2ZMASS

T Miciom A3 Sy Sarvry bsge Monic: ifiad Procameng sd ALSan Coniey o & Univeray of Maaachuen

76 new discovered embedded clusters in 2003
(15 yrs of IR observations & Kiim=14,Lada & Lada 2003)

 embedded clusters birthrate 1s ~10 times the open clusters
birthrate = high infant mortality rate of proto-clusters

 for more than 20 embedded clusters only 1 evolve 1n a
Pleiades like system



Embedded Clusters:
Dynamics at Birth

2010s: VVV@VISTA
deep photometry K;jn=18
+96 Embedded Star Clusters

2020s: Gaia DR3 high

precision astrometry
(e.g. Castro-Ginard+21,
Hunt+23, Hunt+26)

a combination of the two
would revolutionise our
understanding of cluster
formation
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A revolution for low mass Young Stellar Objects

Parent cloud

Fragment
A (mm) 0.01 0.1 1

Pre-stellar dense core

Core
/ Tpo ~ 10-20 K, My = 0
f
| W /7 | ...
K 1,000,000 yr

Formation of the central protostellar object

Cald black body

Log (xF;)
-

stella

TS

—

1 10 10° 10°

A (um)

Class 0

Young accreting protostar
Too < 70 K, My << M,,,,

Cald black body

Log (AF;)

NN
sl ] WA Wi v
. 4

Tpo ~ 70-650 K, My > M, ,,

2N OO o
P \ L‘-\ \ll

Classical T

Log (AF,)

——

T2 10
A (um)

Tauri Star
Tbo, ~ 6502880 K, MDM ~0.01 M@

Class 1l

d MY WY
"\.‘\,].L'l.,'\' "‘n’

Weak T

!
Log (AF,)

|| Stallarnlack bady

Protoplanetary disk 7

12 10 100
A (um)

juencea |

Tauri star

.1-tycﬂ > 2880 '<:, thtJnstc < '\A~Jtlbitllf

Class Il

nain sec

Log (AF,)

Stellar black bady 2
Debris + planets ?

12 10 100
A (um) v

! o~ ':‘

Spectral classification of embedded stars (André 2011)
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Stages of YSO evolution (Feigelson & Montmerle 1999)



Voyage 2050

Final recommendations from

T he Gai aNIR p It() j e Ct the Voyage 2050 Senior Committee

= 2016: ESA Call for New Science ideas
+ 2018: ESA Concurrent Design Facility study

+ 2019: White paper to ESA's Voyage 2050: All-Sky
Visible and Near Infrared Space Astrometry
(Hobbs+19)

+ 2021: Voyage 2050 recommended theme: "The
Galactic Ecosystem with Astrometry in the Near-
imfrared” for an L-Class ESA mission

+ 2025: ESA Ministerial Council: working on an ESA

Voyage 2050 Senior Committee: Linda J. Tacconi (chair), Christopher S. Arridge (co-chair),

prop Osal for a_n L-Clas S mis Sion Alessandra Buonanno, Mike Cruise, Olivier Grasset, Amina Helmi, Luciano less, Eiichiro Komatsu,

Jérémy Leconte, Jorrit Leenaarts, Jesis Martin-Pintado, Rumi Nakamura, Darach Watson. May 2021




Core Mission Objectives

©, > W

@ Probe the dynamically hidden region of our Galaxy: E To Gvar
going deeper into dust-obscured regions in the NIR. ~1% ~25% 50 billion

census of the Galaxy stars

@ A 40-Year Temporal Baseline: Combining Gaia and

GaiaNIR anchors >2.5 billion common stars across a 2’2 e 2045 2055

20-year mission gap, unlocking extraordinary

20 years
precision for long-term Proper Motions (PMs). gap
e Securing the Reference Frame: Arresting time- e e L
degradation of the Gaia catalogue and expanding the Gaia 10 years 10 years GaiaNir

optical reference frame into the NIR using highly
obscured quasars.



From Gaia to GaialNIR: Science Cases

Stellér -
Astrophysics

Star Forrﬁation . Galéét’ié'
History of the Structure
Milky Way

Binari_eé.'and |
Brown Dwards' -

Fundamental
- Physics

Extrasolar . _ = S e L LR
Planets 9 Sl Y L8 - Reference
* s | Frame




Courtesy Of D HObbS GaIaNIRLarge /’ N l R
D=1.7m M1 D=1.7m G a l a

Design -

Mission Resolution
Gaia (Awa=700nm) |0.12° Two Improvements:
with D=1.45m
GaiaNIRwedrm 0.247
(Awic=1550nm) | with D=1.7m GalaNIRMedium -
GalaNiRiame [0AT° double the hight of the primary and BA mirrors
(Ama=1550nm) | with D=3.5m

GalaNlRLarge '
double the width of the pnmary as a segmented mirror

'

The resolution and\parallax errors
are inversely proportional to the Old
length of the primary mirror Dmax oy

Des lgﬂ
max = 3.59m »

PR . GaiaNIRsmai
Dy Nsing Aim for launch on Ariane 6

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



Dete ctor Challenge . High-Speed Avalanche Photodiodes (LmAPDs)

Problem 1: Time Delay Integration (TDI) Problem 2: Sensitivity & Thermal Background

Wavelength range: 800-23500 nm cutoff and

cryogenic Cooling.

e GAIA: due to the rotation, the detector
electronically shifts its accumulated charge at the
exact same speed as the star's image moves across
the focal plane.

e [n GaiaNIR the TDI mode would introduce

excessive read noise

Update of LmAPDs for low background flux applications
Technological Solution: LmAPDs

¢ |.conardo UK Linear-mode Avalanche
Photodiodes: tests currently ongoing in

the UK I |
* Provides internal avalanche gain >100x. Dimensions §12x512/24um 1024x1024/15m 2048x2048/15pm
. Detectors provided to consortium First science grade devices under

e Saphira-type detector selected for ultra- Sl ||| oNAmn v | Sea—" - OR———— Prototype arrays manufactred
f ast re adout C()I’Ilp atlblllty Collaborator | ESO, Max Planck and NCR | NASA APRA ROSES, University of Hawar | ESA

Current Wavefront sensing for extreme

Planned Adaptive Optics (AQ) Extreme low dark current applications Earth Observation

Uses Over 2000 frames per second




42 35cm

Focal Planes and Filters

Gaia Focal Plane

104.26em

o Larger Detectors: Extended integration time per star to reach
fainter targets.

¢ Integrated Filters deposited directly on the astrometric field.

@ Accurate colors even in highly crowded Galactic plane

T re gions.

Ll

Image motion

l

SADD 191wy POy

S 191PW00Y J INfg

Spectrometer CCDs

GaiaNIR Focal Plane

A — Amax nm

\
P
P
P
P
P
L

A O T O O

0 T =

B
F
i
B
B
B

mmm

800-2300nm 800- 1 150- 1400-1800-2300nm 800- |1 400- 1 800-2300nm 1890.2020nm

||“‘

STomAL
Astrometry & 14141411
ey Filter-Photometry il LLLL_LL ~
. < - . Gaa CCD
NEIIE R

78 detector or 702 1k x Ik sb-desectons llljl‘l“

? b decectors
WT2xI077 pevals
P24

Sky Mapper Astrometric Field CCDs
CCDs

Thermal & Field Design :
* Passive Cooling Strategy: at ~90 K to suppress thermal
noise. ’
* No Sky Mappers: Star tracking handled digitally across

the focal plane.

* Integrated Low-Res Spectroscopy & High-Res RVS.

55 om Ca 3

LowRes-Spectroscopy
HighRes-Spectrometry (RVS)

) )



Spectroscopy & RVs: the 6D Galactic Map

The Science Drivers:
e Chemistry: Low-resolution spectra to trace the Milky Way’s merger history.

e 6D Phase-Space Dynamics: Radial Velocities (RVs) are critical for Galactic
dynamics

How to Increase Survey Depth:

e Slower Scan Rate: Optimizing integration time for spectroscopic targets.

e Wider Detectors: Larger pixels naturally result in wider detectors, collecting
more photons as the spacecraft rotates.

e Ultra-Low Read Noise: Modern APD detectors drastically reduce noise, pushing
the depth limits.

Expected Yield: 50+ Billion Low-Dispersion Spectra | >1 Billion Radial Velocities




e AStrometrie accuracy

(assuming GaialNIR has the same accuracy)

Gaia DR5 Position errors:
o« =0.80, =12.8uas o05=0.70,= 11.2puas

Second Epoch

Gaia DR5 Proper motions errors:
040+ = 0.290, = 4.64 yas yr-1 0,5 = 0.250, = 4.00 pas yr-1 2049 GaiaNIR 10yr
The combined uncertainty with AT = 20+5+5 is (2050)
i 2 L2
(UposN = GPOSG) 20 Yea.r Gap
ipa — AT
[gnoring commissioning time the first crude
When using a joint solution we get the weighted mean of all (~6 months) Gaia-GaiaNIR catalogue would
three measures. use o0 and data up to 2045.5
owois also independent as positions are independent in their O = 2.09 pas yr s = 1.83 uas yr!

respective catalogues

o ) 2y
0, = (Gﬂo ton Lo

Opa* = 0.59 pas yr &% L 2025
E i A A factor of 21 times better for PM's compared to
Fifst Epoch Gaia DR4 and a factor of 8 times better than Gaia
Gaia 10yr

2015 DRb5 giving nano-arcsec PMs for common stars

(2020)



Mitigating Catalogue Aging: Gaia vs. Joint

Gala T = P niiaia

GaiaNIR Solution

The Degradation Problem: The Gaia catalogue is centered on
reference epoch ~2020. Positional errors grow rapidly over time—
degrading by over 1 order of magnitude within 30 years.

Flattening the Error Curves: Combining Gaia and GaiaNIR into a
Joint Solution stabilizes the catalogue over long timescales, limiting
degradation to less than ~0.5 orders of magnitude over 100 years.

Long-Term Reference Frame: Future data can be continuously
added to the joint solution to maintain ultra-precise astrometry and
extend the Reference Frame deeper into obscured regions (e.g.,
unveiling galactic plane quasars).

Positional error ¢, (mas)

Positional error o, Imas]

10°
10° 4
10-* -
10°¢ 1= G=140 G =180
=150 — o= 190
G- 160 — G- 20.0
w— Gw170
10 1 4 1 L4 1 4 A | 1 4 L L4 L4
1900 1920 1940 1960 1980 2000 2020 2040 2060 2080 2100 2120 2140
Epoch
Joint Gaia-GaiaNIR
10! 4 RN - = E =
. “ v 4 ad. =6 +a-., +a5 )"
Al
| 2035
\
109 A \ /
101 4 ~— o
] T _—
\\ /
S
. \l/
107 Y e G = 140 G = 18.0
- 150 — - 190
- 16 0 w3y = 200
JR— = 170
104

1900 1920 1940 1960 1980 2000 2020 2040 2060 2080 2100 2120 2140

Epoch

_ : _ N



Parallax error o, [as)

Parallax Precision: Gaia vs. GaiaNIR

10-Year mission simulations using synthetic spectra for M5III Red Giants

Parallax error for ukMSIll [€ = 45,07 )

104

11.2Imas

1
3
}
4
1 570 yas
107 4
!
|
"
?
7
107 4 /
_/
10° T ‘ - - : ,
6 8 10 12 14 16 18 20 22 24
G-Magnitude

(Gaila

Configuration

G = 20.7 (Limit)

3
J Parallax error for ukM5lll [€ = 51.57 ]
10* 5 |
' 948 uas
'; 10? e
5 K
=
& 94 uas
€ 1074
o K
» /
L
™
8
103 ) 1 ] : ] 1 1] 1
6 g 10 14 16 18 20 22 24

G-Magnitude

G = 24.0 (Faint End)

Gaia (Optical CCDs)

GaiaNIR Medium

GaiaNIR Large (Baseline)

570 pas

94 pas

45 pas

11.2 mas

948 pas

329 pas

Exponential

Log-Linear

Log-Linear (>10x gain)

Parallax error for ukMSIlI [€ = 51,57 ]

10 ¢
. 107 4 329 pas
-
s |
E i 45 pas /
= 10€ 4
o 4
x ; v
o ]
® ! /
',é \
:
-l
|
100 | T ' T T T T T
f 8 10 12 14 16 18 20 22 24
G-Magnitude
GalaNIRLarge
Key Takeaways

e Over >10x accuracy gain at the faint limit (G=20.7): from 570 pas
down to 45 pas.

e Unlocks the faint Galactic population down to G=24 with 329
pas precision.

e Linear-mode APDs avoid the exponential noise growth typical of
optical CCDs.



Joint Solution PMs: Gaia vs. GaiaNIR

Leveraging a ~30-year temporal baseline AT to achieve sub-microarcsecond proper motion precision

Dotted Lines = Single Mission |

o Combined Gaia 10Yr and Gaia 10yr

| — ukB1V
ukAS|Il
ukG2v
107 § —— ukKSIII
3 ukMOV
ukM5llI

w— UkM10IN
10! E

100_..000000

Proper motion error g, [uas yr ')

-
]

10 12 14 16 18 20
G-Magnitude

o
o

Gaia
Joint Astrometric Framework

Baseline Offset Precision:

, , 172
<0pos,N + Upos,G)
O —

Ho AT

Combined Proper Motion Uncertainty:

—-1/2
— -2 -2 -2
Ty — <0MO + O, N + 0 ’G>

Solid Lines = Combined Solution (Gaia + GaiaNIR)

Proper motion error g, [uas yr-!)

1

10° ,

10° :

10? -

10° 4

0-1

Combined Gaia 10Yr and GaiaNIRyegium 10yr

ukB1lvV
ukASlll
ukG2v
ukksil
ukMOv
ukM5II
ukM101

10

12 14 16 18 20 22 24
G-Magnitude

Key Scientific Insights

Proper motion error g, [uas yr ]

GaiaNIRLarge

10°

107 4

101 -

10° 4

10-!

Combined Gaia 10Yr and GaiaNIR ;g 10yr

ukBlvV
ukASIII
ukG2v
ukK51l
ukMOv
ukM5slill
ukM101n

o * o ®
TEEEEEREEEEERE R R R EEE

6

8

10
G-Magnitude

18

e >10x improvement in PM precision combining Gaia and GaiaNIR data

e Long Temporal Baseline (AT = 30 yrs) drastically suppresses baseline offset

uncertainty (opo).

e For ultra-cool red stars (e.g., M10lll), the joint solution merges with the GaiaNIR
Large standalone curve. GaiaNIR delivers high-precision proper motions

independently without relying on optical Gaia data.

20

22

24




Photometric Performance: Gaia vs. GaiaNIR

Least-squares photometric error estimates across 10-year mission baselines (Lund Formalism)

Photometric error 10g,¢(0,,)

0.0

-0.5 4

-1.0

-1.5 4

-2.0 4

-2.5 4

3.0 4

-3.5 4

Gaia 10yr

Gaia G pang = 10.0 yrs
— ukB1lV
ukAsIl
ukGav
—— UkKSI
ukMov
— UkM5III
—— ukM101

8 10 12 14

G-Magnitude

16

18

20

22

24

Photometric Gains & Model Validation

e Model Validation: Gaia 10-year simulations successfully reproduce projected
DR3 photometric precision.

e Up to ~2 Orders of Magnitude Gain: For cool red stars (M-giants / M-dwarfs),
GaiaNIR precision dramatically outperforms optical Gaia.

e Remarkable Blue Performance: Despite being an infrared-optimized mission,

Photometric error 10gy0(0,,)

0.0

=0.5 1

-1.0

-1.5 4

GaiaN|RMed:uvn 10yr

0.0

Gaia G pang = 10.0 yrs
ukB1lV

ukASII

ukGav

ukK5I

ukMOvV

ukM5sI

ukM10In

Photometric error 10g,0(0.)

=0.9 1

€ -1.0

8 10 12 14 16

G-Magnitude

performance on blue stars remains nearly as precise as optical Gaia.

GailaNIR 4rge 10yr

-1.5 4

-2.0 1

-2.5 4

3.0 4

-3.5 4

Gaia G pyng = 10.0 yrs
— ukB1lV
ukASIII
ukGav
—— UkK5II
ukMOV
— UkMS5III
— UkM10MI

/ |
|
, 1

—

8 100 12 14

G-Magnitude

16

50+ BILLION STARS

18

20

High-precision near-infrared photometry
extended to over 50 billion Galactic
sources, piercing through dust-obscured

regions.



Spectroscopic Accuracy: the K-Band

Theoretical performance of the proposed GaiaNIR spectrograph

e Visualizing Precision: The plot shows e ivas o1 8. (0

the typical measurement error (vertical / %

: : I . [
axis) dropping as the spectrograph's [ "7 2800 <= Tegr <= 7000 —Ac-tsmA-dm | \\\
i =———Ac = 1180 nm, Ay = 44 nm
resolution increases (horizontal axis). | Ac= 1492 nm, A =36 nm 1 \\\\

0.8
E ——Ac = 1947 nm, A; =42 nm o
0.6 —Ac =1963 nm, A, = 74 nm 0 4000 <= Tesf <= 7000
\.; ——Ac=1984nm, A, =32mm | 2 \\ €
(©
- > 0.4+ 3
The K-Band (1.9 - 2.0 um) provides | < S \’t_/\
0.2
|

the optimal balance, pushing velocity

errors well below 300 m/s for FGKM 10000 20000 30000 w0000 AN 10000 20000 30000 40000
stars at high resolutions. — . 12- 1000 —— T 7000
200- 0.10-

\

?
{

. < T
e The GaiaNIR Promise: RV precision 5150 e S 0.5
comparable with Gaia's optical RVS, but %100_ m T Rooe-
0.04 -

mapping the obscured Galaxy. - SIN > 40 for al panels

10000 20000 30000 40000 10000 20000 30000 40000
R R



Discovery Potential: Embedded Clusters

Tracing the earliest stages of star formation across the Galactic Detectability region — Embedded cluster
15 F .

e Optical Limits: Gaia (blue and violet) is i .
restricted to the Solar neighborhood by O ]
heavy dust. s L .
- !

e NIR Breakthrough: GaiaNIR (red/ =  of 1
orange) successfully penetrates molecular 4 ; f
clouds. T :
U ]

* Galactic Scale: Up to a ~10x factor gain | :
in distance towards the anti-galactic _15H " Pk — GaiaDR3 T — GaiaNIR-Large 1
center, expanding the discovery volume —_ = (h‘t wf (fto — (‘mj;l‘“-'\'l”im:' ;)

across the entire disc. X [kpc]

Simulations and figure adapted from Hunt et al. 2026, EAS.



Cluster Kinematies at 4 kpe: Westerlund 1

Table 2: Results of the 2D kinematic linear fit for different subsamples of Westerlund 1. Physical units are computed assuming
d =4.21 kpc.

524 members with o< 0.5 mas

Sample N v av;/al v,/ 0b v, v, /0l vy |0b Div Vort PA, x-(L,b)
(kms')  (kms'pc!) (kms'pc!)  (kmsT')  (kmsT'pc!) (kms'pc?) (kms'pe!) (kms'pe) (deg) r—1
Bound 421 -85.14+028 -0.13+0.11 -0.15+0.13 -1386+026 -021+0.10 027+0.11 LL=U 160 -000=Gl6 1592 +8.5° 113,54 y

DBSCAN All (Bound+Unbound) 524 -85.07+038 0.11+0.10 0.19+0.12 -1374+030 -041+008 047+0.10 ¢ 058+0.14 -0.60+0.15% 164.0+10.1° 26.2,15.7

103 unbound members

evidence of expansion and shear

expansion during the cluster’s
Galactic disk passage

e Gaia DR3 astrometry successfully mapped
H the anisotropic expansion and shear of Wd1
: at a distance of ~4.2 kpc.
e Due to extreme dust extinction (Av > 10),
T __ ¢’ current optical studies are strictly limited to
) I / the most massive stars (M = 7 Msyun)

e The GaiaNIR Revolution: A ~30-year joint
paseline in the NIR will unveil the high-
orecision kinematics of the entire stellar
population.

Prisinzano et al. 2026, A&A
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D iffu S e S F : the S triﬂ g S from Kounkel & Covey (2019)

Leveraging GaiaN IR to validate diffuse structures across the GP

e A New Star Formation Paradigm?
Kinematically coherent string-like structures

spanning hundreds of parsecs (Kounkel & ARl

Covey 2019). Y

* Are the strings genuine physical & NP ey

structures tracing extended low-density gas R

collapse, or merely 2D projection artifacts f _}‘9@395%
of Gaia DR3? Y oo °

e The GaiaNIR Solution: GaiaNIR will map .
the 6D phase-space of these low-mass s o b o
stars, definitively validating their 3D
physical nature and dynamical coherence.

(2d) 2
o

-100




Summary

Key Scientific Drivers

e Unveil Obscured Star Formation
* True 6D Phase-Space Dynamics

e Probing Galactic Large scale structures

Next Steps: Building the GaiaNIR Consortium towards an L-Class ESA Proposal







