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Gaig is a fantastic resource!
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... but the parallaxes are a bit too small

Lindegren++ 2018; Gaia Data Release 2: The Astrometric Solution

Results. For the sources with five-parameter astrometric solutions, the median uncertainty in parallax and position at the reference
epoch J2015.5 1s about 0.04 mas for bright (G < 14 mag) sources, 0.1 mas at G = 17 mag, and 0.7 mas at G = 20 mag. In the proper
motion components the corresponding uncertainties are 0.05, 0.2, and 1.2 mas yr™', respectively. The optical reference frame defined

by Gaia DR2 is aligned with ICRS and is non-rotating with respect to the quasars to within 0.15 mas yr~'. From the quasars and

validation solutions we estimate that systematics in the parallaxes depending on position, magnitude, and colour are generally below
DRmMassbutthe parallaxes are on the whole too small by about 0.03 mas. Sighificant Spatiab correlations o up o L0 mas nparaliax

and 0.07 mas yr~ in proper motion are seen on small (<1 deg) and intermediate (20 deg) angular scales. Important statistics and

information for the users of the Gaia DR2 astrometry are given in the appendices.
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validation solutions we estimate that systematics in the parallaxes depending on position, magnitude, and colour are generally below
DEmMassbutthe parallaxes are on the whole too small by about 0.03 mas. Sighificant Spatial correlations o up o 00 mas I paratiax
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Riess++ 2018; 2018ApJ...861..126R
L DR2 p

Victor Chan & Jo Bovy



The offset varies with magnitude, colour

Khan++ 2019; 2019gaia.confE..13K
—52 and —48 pas for RGB and RC stars, respectively. The trends
with G are also relatively flat, resulting in small fluctuations as

we move from low to high G magnitudes: from —58 to =51 pas
for stars on the RGB, and from —46 to =52 pas in the clump.
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Khan++ 2019; 2019gaia.confE..13K
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Gaia

PAC Systematics s(«, d) on large scales

QSO parallaxes smoothed by a Gaussian beam (o = 3.7°)
(only |sinb| > 0.2 shown)

o
(3}
£
X
8
=
A
T
o

—0.05
-0.10

# Gaussian beam B Equatorial projection M _¢ 15

Mean value = —0.030 mas, RMS of smoothed values = 0.020 mas

Lindegren et al., 2018 Aug 27 Gaia DR2 astrometry, slide 9 of 54
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Close to 25% of DR2 parallaxes are affected...

Gala Sources

0 D 10 15 20
Distance to Source |[kpc|
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Table 6. Recent Hy Error Budgets (%)

Description Riess+ (2016) Here

LMC MW 4258 LMC MW

Opanchor  Anchor distance 21 21 26 12 15

OPLanchor Mean of P—L in anchor 0.1 ... 15 04

Rox12 zeropoints, anchor-to-hosts 1.4 14 0.0 0.1

oz Cepheid metallicity, anchor-hosts 0.8 02 02 09
subtotal per anchor 26 25 3.0

—_—

All Anchor subtotal

opr/v/n  Mean of P-L in SN Ia hosts

osn/v/n  Mean of SN Ia calibrators (# SN)

O = SN Ia m—z relation

OPL P—L slope, Alog P, anchor-hosts

statistical error, oy, 2.: .8

Analysis systematics®

Total uncertainty on oy, [%)]
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Accurate distance anchors are essential to

local Hy measurements

Table 6. Recent Hy Error Budgets (%)

Term °SC Riess-

Opanchor  Anchor distance 2.1

OPL.anchor Mean of P—L in anchor 0.1

Roy19 zeropoints, anchor-to-hosts 1.4 1.

(2016)

1 0.0

oz Cepheid metallicity, anchor-hosts 0.8 0.2

subtotal per anchor

All Anchor subtotal
' Mean of P-L in SN Ia hosts

Mean of SN Ia calibrators (# SN)
SN Ia m-—z relation
OPL P-L slope, Alog P, anchor-hosts
statistical error, oy,
Analysis systematics®

Total uncertainty on oy, [%)]
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We want Gaia systematic errors to < 1.5%

Typical MW Cepheid T ~ 3 kpC N ~ 2500

Victor Chan & Jo Bovy
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We want Gaia systematic errors to < 1.5%

Typical MW Cepheid T ~ 3 kpC N ~ 2500
= 1/r ~ 333 pas

O sys < O MasS
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How is the zero-point parallax modelled?

w=1/r
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How is the zero-point parallax modelled?
w=1/r+ wy

p(’wh‘v ZD())



w=1/r+ wg

p(w|r,wg) = N(1/r + wo,0

()
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w=1/r+ @ | w

p(w|r,wq) = N(1/r + wo,0

w
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Hierarchical models can validate Gaia parallax
errors



Hierarchical models can validate Gaia parallax
errors

0-’2w — (f'wg’W)Z T 0-*2w,—|—

Reported errors
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Hierarchical models can validate Gaia parallax
errors

0-’2w — (f'wg’W)Z T 0-*2w,—|—

Correction parameters
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Hierarchical models can validate Gaia parallax
errors

Ugw — (fwg’W)z T 0+

Gaia Data Release 1 . _
Lindegren++ 2016 Jw =14 Ow,4 = 200 pas
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Hierarchical models can validate Gaia parallax
errors

0?3 — (fwg’W)z T 0?3,+

Gaia Data Release 1 . _
Lindegren++ 2016 Jw =14 Ow,4 = 200 pas

Gaia Data Release 2
Lindegren++2018  f., = 1.08 O 4+ = 21 — 43 pas
(Tentative)
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Measuring the zero-point requires lots of data
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uw=m-—A,, — M =>5logr —5



Red clump stars are standard candles

p:m—Am—@:5logr—5



uw=m-—A,, — M =>5logr —5

w=1/r+ wy
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M ~ a(Jo — Ko) + plFe/H| + Me
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M ~ OK(J() — KO) + B[FQ/H] + Mot

u=m-—A~A,, — M =5logr —5



Model uncertainties outweigh photometric
uncertainties (?)

Uy =m — Ay — M =5logr — 5 = pu,

Pt | i)
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Uy =m — Ay — M =5logr — 5 = pu,

p(tm |per) = S(tm | por, 037, v)

Student’s t-distribution



ne Student’s t-distribution catches potential
notometric outliers
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uw=m-—A,, — M =>5logr —5

w=1/r+ wy



Inverting parallax is a biased estimator of
distance

Wtrue — 0.1 alr'csecC

0 = 0.02 arcsec

0.05 0.10 0.15
w |arcsec]
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Inverting parallax is a biased estimator of
distance

0.05 0.10 0.15 10 15 20 25
w |arcsec] r=1/w [pc
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An exponentially decreasing volume density
orior resolves estimator bias

7"2 —T

o3 P\

p(r|L) =

Bailer-Jones 2015



In summary, the model relates photometric
and parallax measurements through distance

Likelihood

N (w|1/r + wo,02)

St | por, 031, V)

Prior

p(r|L)



Likelihood
N(w|1/r + w0, 02,)
S(tm | tir, o3, V)

Prior

p(r|L)




ag =0 24t3877

Parameters are
nferred to very
nigh precision
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_ +0.004
Miyrer = —1.622_0‘004 Mag

| o = —47.8775 7% pas

L = 98737740 pc




_ +0.07
A = 0.2470.07

The red clump
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Joo = 1.08
Ow.+ = 21 — 43 pas
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+0.003

0.003

mag

fo = 146"

0.01
0.01

Oy = 0.44

+0.90
—0.28

SYARS SR
OMK

\Q

A

W
\. \. \’. \. \.

nas



Mt = —1.6170% mag
Kre

0
ourk = 0.097000 mag

—50.25105¢ pas

foo = 1.08
— 43 pas
Ow,+ — 21




Chan+; Red Clump

Leung+; Neural Network —
Hall4++; AstSeis G

Hall++; AstSeis K

Graczyk++; Ecl.Bin.
Sahlholdt+; AstSeis WD
Zinn++; AstSeis RGB
Stassun+-; Ecl.Bin.
Riess++; Cepheids

Lindegren++; Quasars

~120 —100  —80 — 60 —4(0 Y
@) |pas]



Adding zero-point dependences by including
a functional form

’ZDONZO—l—ZlG—I—ZQGQ—I—...

Parameters



Gaia

“DPAC Systematics s(«, d) on large scales

QSO parallaxes smoothed by a Gaussian beam (o = 3.7°)
(only |sinb| > 0.2 shown)
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We can see variations across the MW disk
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We can see variations across the MW disk

Even more sources
coming in DR3 &
future APOGEE datal!
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Good distance anchors improve our
understanding of local Hy measurements

D 10 15 20
ar/r [ %]
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Good distance anchors improve our
understanding of local Hy measurements

Ow, < 1 pas

D 10 15 20
ar/r [ %]
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Good distance anchors improve our
understanding of local H, measurements

Ow, < 1 pas

N =~ 28000

D 10 15 20
ar/r [ %]
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Good distance anchors improve our
understanding of local H, measurements

D 10 15
ar/r [ %]

20

Ow, < 1 pas

N =~ 28000

10%
VN

< 1%
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/ero-point expected in Data Release 3 as well
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* Gaia has the potential to greatly improve local H, measurements

* We infer a zero-point parallax of -48.9 + 0.9 uas if constant

* Most precise to date

* Magnitude, colour, and sky position dependence can be included

* Probabilistic model can be extended to a full H, inference
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The zero-point parallax appears to be more

significant for dim sources
100
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Mgyt = 0.457000

+0.00

wy = —38.3019%

L = 1029.8239




Multiple photometric measurements can be
used simultaneously

Uy =m — Ay — M =5logr — 5 = pu,
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Uy =m — A, — M =5logr — 5 =

S(ﬂmmrvaﬁ/[v’/) — S(ﬁm‘ﬁrasz’/)



Uy =m — Ay — M =5logr — 5 = pu,

S(ﬂm‘ﬂrvaﬁ/fﬂ/) — S(/jm‘/jerMv’/)

Analogous to covariance matrix
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Meret = 051700 mag

: l l ; IMKI"Cf = —1631%%% mag
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