Bevezetés a
csillagaszatba IV

3. Modern asztrometria: f6ldi és Urbéli parallaxisok

Utolso frissités: 2020. marcius



Ut az (rbeli parallaxisig

Elsé: Bessel, Struve, Henderson 1838-1840
Utana lassu fejlédes:
1900: ~100 csillag

1952: ~5800 csillag (Yale Parallax Catalog,
0,01”-es pontossag)

Foldi meresekkel 2 0,001”=1 mas a
legprecizebb limit

Urbél: Hipparcos, Gaia, (HST)
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1 Abstract

The history of astrometry, the branch of astronomy dealing with the positions of celes-
tial objects, is a lengthy and complex chronicle, having its origins in the earliest records
of astronomical observations more than two thousand years ago, and extending to the
high accuracy observations being made from space today. Improved star positions pro-
gressively opened up and advanced fundamental fields of scientific enquiry, including our
understanding of the scale of the solar system, the details of the Earth’s motion through
space, and the comprehension and acceptance of Newtonianism. They also proved cru-
cial to the practical task of maritime navigation. Over the past 400 years, during which
positional accuracy has improved roughly logarithmically with time, the distances to the
nearest stars were triangulated, making use of the extended measurement baseline given
by the Earth’s orbit around the Sun. This led to quantifying the extravagantly vast scale
of the Universe, to a determination of the physical properties of stars, and to the resulting
characterisation of the structure, dynamics and origin of our Galaxy. After a period in
the middle years of the twentieth century in which accuracy improvements were greatly
hampered by the perturbing effects of the Earth’s atmosphere, ultra-high accuracies of
star positions from space platforms have led to a renewed advance in this fundamental
science over the past few years.
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Figure 5: Astrometric accuracy vers

us time (adapted from Erik Hgg). After several centuries of a

more-or-less logarithmic improvement in accuracy with time, the advent of space-based measurement
techniques (Hipparcos and Gaia) has led to an even more rapid improvement in accuracy. These space
missions have also resulted in a unification in the accuracies achieved in star positions and parallaxes.



A kozeli csillagok tavolsaga es fenyessege

Fluxus: energia/egysegnyi idé/egysegnyi felulet
— ezt merik a mlszereink

Magnitudok: Hipparkhosz definicioja nyoman
|. fenyrend: legfenyesebb csillagok
6. fenyrend: eppen latszo csillagok

Pogson (1856): 5 magnitudonyi kulonbseg
feleljen meg 100-szoros fluxuskulonbsegnek
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HIPPARCOS (HIgh Precision PARallax
COllecting Satellite)

ESA, 1989-1993

Elsé Grbéli asztrometriai mihold
120,000 csillag, 1 mas pontossag
Magnitudolimit M,=12.5

10% pontossag parallaxisban >10 mas,
tavolsagban <100 pc 10% hibaval

5% pontossag, <200pc 20% hibaval

1 kpc hatarig

van Leeuwen (2007!): masodik
adatredukalas

http://www.rssd.esa.int/index.php?project=HIPPARCOS



Hipparcos (1989-1993)

High Precision Parallax Collecting Satellite: az Eurdpai Uriigynokség
(ESA) asztrometriai celu mesterseges holdja, 29 cm atmeéroju urtaveso.
Helytelen a Hipparchos irasmad.
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A mereés es feldolgozas elve
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Két evneél hosszabb meérési sorozat kell a sajatmozgas es a parallaktikus

elmozdulas szeparalasahoz.



Hipparcos-

Hipparcos-katalogus (1997):
118218 (12m-nal fenyesebb)
csillag asztrometriai adatai
(koordinatak, sajatmozgasok,
parallaxis) az 1991,25
epochara, az ICRS
vonatkoztatasi rendszerben.

Kb. 3 csillag van
negyzetfokonkeént (teljes a
minta 7,3 €s 9 magnitudo
k6z0tt). 2007-ben
ujraredukaltak.

Pontossag: kb. 0,0017, illetve
0,0017/ev.

A Tycho-2 katalégusban 2,5
millié csillagra kevéshbé
pontos asztrometrial adatok +
B-V szinindex Is.
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Common Name Scientific Name

Sun

Proxima Centauri V645 Cen

Rigil Kentaurus

Barnard's Star
Wolf 359

Luyten 726-8A
Luyten 726-8B
Sirius A

Sirius B

Ross 154

Ross 248

Ross 128

Luyten 789-6

Procyon A
Procvon B

Alpha Cen A
Alpha Cen B

CN Leo

BD +36 2147
UV Cet A
UV CetB
Alpha CMa A
Alpha CMa B

Epsilon Eri

Distance (light years) Apparent Magnitude Absolute Magnitude Spectral Type

4.2
4.3
4.3
6.0
1.7
8.2
8.4
8.4
8.6
8.6
94
10.4
10.8
10.9

61 Cyg A (V1803 Cyg) 11.1

61 Cyg B
Epsilon Ind
BD +4344 A
BD +4344 B

Alpha CMi A
Alpha CMi B
BD +59 1915 A
BD +59 1915 B
CoD -36 15693

11.1
11.2
11.2
11.2
11.2
11.4
11.4
11.6
11.6
11.7

-26.72
11.05 (var.)
-0.01

1.33

9.54

13.53 (var.)
7.50

12.52 (var.)
13.02 (var.)
-1.46

8.3

10.45

12.29

3.73

11.10

5.2 (var.)
6.03

4.68

8.08

11.06

12.18

0.38

10.7

8.90

9.69

7.35

4.8
15.5
44
5.7
132
16.7
10.5
15.5
160
14
11.2
13.1
14.8
6.1
13.5
7.6
8.4
7.0
104
134
14.5
2.6
130
11.2
11.9
9.6

G2V
M5.5Ve
G2V
K1V
M3.8V
MS5.8Vce
M2.1Vc
MS5.6Vce
M5.6Vce
AlVm
DA
M3.6Vc
M4.9Vc
K2Vc
M4.1V
K3.5Vc
K4.7Vc
K3Vc
M1.3Vc
M3.8Vc

F5IV-V
DF
M3.0V
M35V
M1.3Ve



Hertzsprung - Russell: (o_/m <(.2) Hertzsprung - Russell: Variability
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A Hipparcos nagyon fontos eredmeényekre vezetett, de
a pontossag igénye megnott -- Gaia




(Oreg tavcsd nem vén
tavcso)
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Pre-discovery transits of the exoplanets WASP-18 b and
WASP-33 b from Hipparcos

I. McDonald'*, E. Kerins'

L Jodrell Bank Centre for Astrophysics, Alan Turing Building, Manchester, M13 9PL, UK

Accepted XXX. Received YYY; in original form ZZZ

ABSTRACT

We recover transits of WASP-18b and WASP-33b from Hipparcos (1989-1993) pho-
tometry. Marginal detections of HAT-P-56b and HAT-P-2b may be also present in
the data. New ephemerides are fitted to WASP-18b and WASP-33b. A tentative
(~1.30) orbital decay is measured for WASP-18b, but the implied tidal quality fac-
tor (Q ~ 5 x 10°) is small and survival time (< 10° years) is too short to be likely.
No orbital decay is measured for WASP-33b, and a limit of Q' > 2 x 10° is placed.
For both planets, the uncertainties in published ephemerides appear underestimated:
the uncertainty in the period derivative of WASP-18 b would be greatly reduced if its
current ephemeris could be better determined.

Key words: planets and satellites: dynamical evolution and stability — planets and
satellites: gaseous planets — planets and satellites: individual: WASP-18 b — planets
and satellites: individual: WASP-33 b — planet—star interactions — stars: variables:
0 Scuti
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Figure 1. Hipparcos photometry, phase-folded on a modern o3 p o
ephemeris. Lines show the expected transit position, width and 50000 55000
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Figure 3. O — C diagrams for WASP-18 b and WASP-33 b,
modelled against the best-fit ephemeris. Curves show models with
period changes (dP/P), as indicated on each plot.

depth.



Hipparcos és Gaia — 0sszehasonlitas

A Hipparcos min0séqgi ugrast jelentett az asztrometriaban, de a pontossag
tovabbi fokozasara volt szlikség.

Naprendszer

Ground

7

Hipparcos

/ /




Hipparcos és Gala — 0sszehasonlitas

Hipparcos Gaia

Fényességhatar 12 20 20,7
Teljesség (magnitudo) 7,390 20 20,7
Legfényesebb objektumok | 0 <6 2
(magnitudo)
Egitestek szama 118 000 26 milli6 (V < 157)

250 millio (V< 18 | :

1000 milli()( (V <:é ) illiard CSI”ag
Effektiv tavolsaghatar I kpc 50 kpc 20,7 magnitudoig
Kvazarok 1 (3C 273) 500 000
Galaxisok nincs [ 000 000
Pontossag | ezred 7 milliomod

ivmasodperc ivmasodperc (V < 107)

1025 milliomod

ivmasodperc (V < 157)

300 milliomod

ivmasodperc (V < 207)
Fotometria 2 savban (B és V) | kis felbontasu

spektrum (V < 20™)
Radialis sebesség nem mert ISkm/s (V<17") 16™
Eszlelési program elore kivalasztott | teljes, torzitatlan




A Gala asztrometrial Urszonda
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A Gala asztrometrial Urszonda

Figyelem! A név helyesen Gaia és nem GAIA; nem muhold, mert nem a
Fold kordl kering; és nem is az L2 pontban, hanem kortlotte.
Inditasi tomeg: 2030 kg (ebbdl 400 kg tizemanyag).

Mérete: 4,3 m - 2,3 m, nyitott napelemekkel 10 m atmeroju.

Két azonos optikal teleszkop lekéepezoérendszerrel, a fokuszsikban 0,5 m -
1 m-es CCD-matrix 1 milliard pixellel, az Grben ez a legnagyobb CCD-
kamera.

Foldi tavkozlési kapcsolat: Cebreros (ESP), New Norcia (AUS), Malargue
(ARG)

Foldi iranyitas:ESOC, Darmstadt (mUszaki), Villafranca del Castillo
(tudomanyos)

fy Qi FE L . forgastengely (6 h) alapsz6g-
két SiC fotukor 106,5°-ra . ellendrzd rendszer
1,45 x 0,50 m2

“: : | i SIC toroidalis
szerkezet
/optikai pad)

M1 = = | os1
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N e kombinalt

SEEE - ———— fokuszsik

a két latobmez6 (CCD-k)
egyesitése (FoV)
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Az elkészult torusz
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Alex Short alapjan

fokuszsik

104,26cm

woge Ty

Radialissebesség-
spektrométer CCD-i

Gl
] csillagok mozgasa
csillagtérképezo CCD-i asztrometriai mezo CCD-i 10's alatt
teljes latomezo: csillagterkéepezo: fotometria:

- aktiv terulet: 0,75 négyzetfok - mindent detektal 20 m-ig - spektrofotométer
-CCD-k: 14 +62+14 + 12 - kozmikus sugarzast kihagy - kék és voros CCD-k
- 4500 x 1966 pixel (TDI) asztrometria: spektroszképia:
- pixelméret = 10 ym x 30 um - detektalasi zaj: ~6 e - nagy felbontasu szinképek

=59 mas x 177 mas - vOros CCD-k



Az égbolt szkennelesének elve

S

Satellite spin axis Line of sight 1

Precession of the \
spin axis in 70 days\‘

‘\‘ forgastengely: 45° a Naphoz;

haladas: 60 ivmasodperc s-1;
forgasi peridodus: 6 Ora

Consecutive
great circles

Line of sight 2

Forras: Karen O’Flaherty



A szkennelés eredmeénye

Ecliptic coordinates
+90 \ ‘

+60

-60

50 — 250
1 150 200 2
: 2 = Number of transits (Astro—1 plus —2)
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A radialis sebesseg meéerese
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RVS spektrograf
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HD 115604 (F3 III)

S/N=130

i ] ]

8550

8500

David Katz alapjan

8600

8650 8700  x(X)

CCD-detektorok

F3 orias RVS spektrumai (V=16m)
S/N =7 (egyetlen mérés)

S/N = 130 (a missziora
0sszegezve)
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Mit varunk a Gala missziotol?

Merések: 2014 nyaratol 5 évig. 2020 végeig mar jovahagytak a
tamogatast, tovabbi 1-2 évre komoly igéret van.

Az 1 mikroivmasodperces asztrometriai pontossag eleréséhez a Gaia
szonda helyzetét kb. 8 mm-es pontossaggal kell ismerni!

Varhato eredmények:
- ATejutrendszer 3-dimenzios ltérképe (a sotét anyag eloszlasa is);

- Acsillagaszati vonatkoztatasi rendszer pontositasa (kvazarok
segitségevel, kb. félmillio kvazar eszlelése);

- Exobolygok fotometrial €s asztrometriai kimutatasa (kb. 10000-re
szamitanak);

- A Foldet veszelyesen megk6zelito kisbolygok észlelese;

- Az altalanos relativitaselmeélet numerikus paramétereinek
pontositasa (a gravitacios fényelhajlasbol);

- 20 Thyte adat alapjan a végso katalogus 2022 utan lesz nyilvanos.

Adatkozlések:

DR1: 2016. szeptember; DR2: 2018. aprilis; DR3: majd két részben.

A Gala-archivum itt érheto el: http://archives.esac.esa.int/gaia/DR?2












A Gaia elsO eredményel

T e | P€10A & SZOgfelbontasra: a Pluto
| és a Charon mint kettos
| ke rendszer. A Gaia-mérések szog-
4 _ felbontasa ennél sokkal jobb.
: | Rengeteq kettdscsillag vizudlis
| o nalyajat is meg lehet majd
T o T 4s 4o hatarozni. A cefeida tipusu valtozo-
Aa* ( . ’ TR s
| csillagoknal ez killéndsen fontos.
— I /*I\;T- 1
HIP 32939 L 150 | ///\I -
L - ; \ E :_;j 20128 ‘7/{\( /
1_;0 150 slo cl) —5% -130 °r ..:-'-I-/:'iﬂ/ 20104
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A Gaila elso eredményel

90

-60 : + -60" IR e * . 0_2

.

-90

A Gaia altal eszlelt kisbolygok a merések els6 8 honapjaban.
A (gyorsan) mozgo objektumok azonositasa bonyolult szoftvert igényel.
A szinskala a merések hibajat mutatja.

arcsec



Average magnitude

A Gala elso eredmenyel

A Gala Science Alert
fontos kiegeszito program
(féldfelszini tavcsovekkel).
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2016. szeptember:
Gaia DR1
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Clockwise from top: Gaia DR1 Milky Way panorama, Hertzsprung-Russell diagram based on
one million Tycho-Gaia astrometric solution parallaxes, median parallax error as a function of celestial position,
and the Gaia DR1 magnitude distribution
(© ESA/Gaia/DPAC/André Mointinho and Marcia Barros (CENTRA - University of Lisbon))
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Star transit  CCD91-72 CCD pixel

® 8 10 ym F AF-type BP-type RP-type
along-scan 4500 ©  59mas P P P

CCD lines

Fig. 4. Schematic image of the focal plane assembly, superimposed on a
real picture of the CCD support structure (with a human hand to indicate
the scale), with Gaia-specific terminology indicated (e.g. CCD strip and
row, TDI line and pixel column). The RVS spectrometer CCDs are dis-
placed vertically (in the across-scan direction) to correct for a lateral
optical displacement of the light beam caused by the RVS optics such
that the RVS CCD rows are aligned with the astrometric and photomet-
ric CCD rows on the sky; the resulting semi-simultaneity of the astro-
metric, photometric, and spectroscopic transit data is advantageous for
stellar variability, science alerts, spectroscopic binaries, etc. Image from
de Bruijne et al. (2010a), Kohley et al. (2012), courtesy Airbus DS and
Boostec Industries.



path of spin axis
over 4 days

ecliptic

path of viewing directions
over 4 days

Fig. 6. Illustration of the scanning law of Gaia, showing the path of
the spin axis (z), and the corresponding path of the preceding viewing
direction, during four days. For clarity, the path of the following viewing
direction 1s not shown. Image courtesy Lennart Lindegren.
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Table 1. Basic statistics on the contents of Gaia DR1.

Source numbers

Total number of sources

1 142679769

No. of primary (TGAS) sources 2057050
HIPPARCOS 93 635
Tycho-2 (excluding HIPPARCOS stars) 1963415

No. of secondary sources 1140622719

No. of sources with light curves 3194
Cepheids 599
RR Lyrae 2595

Magnitude distribution percentiles (G)

0.135% 11.2

2.275% 14.5

15.866% 17.1

50% 19.0

84.134% 20.1

97.7125% 20.7

99.865% 21.0
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Fig. 1. Distribution of the mean values of G for all Gaia DR1 sources
shown as histograms with 0.1 mag wide bins. The distributions for the
HIPPARCOS and Tycho-2 (excluding the HIPPARCOS stars) subsets are
also shown. Note the lack of bright sources at G < 7.
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Fig. 2. Sky distribution of all Gaia DR1 sources in Galactic coordinates. The source density is shown with a grey scale chosen to highlight both
the impressive amount of detail in the outlines of the well-known dust features along the Galactic plane, and the non-astronomical artefacts in the
source distribution (see text). Image credits: CENTRA — University of Lisbon (part of the DPAC-CU9 visualisation team).
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Fig. 3. Comparison of the observational HR diagram in the Mg vs. (B — V) plane for the HIPPARCOS stars in Gaia DR1, using their HIPPARCOS
(van Leeuwen 2007) parallaxes (a) and their parallaxes as listed in Gaia DR1 (b), ¢)). The relative standard uncertainties on the parallax are less
than 20% for both the HIPPARCOS and Gaia DR1 parallaxes in panels a) and b), while in panel ¢) all stars with relative parallax uncertainties better
than 20% in Gaia DR1 are shown. The stars were otherwise selected as described in the text. All panels show the stars as individual symbols where
possible and where the symbols overlap the relative source density is shown, with colours varying from purple (dark) to yellow (light) indicating
increasing density on a logarithmic scale. The contours enclose 10, 30, and 50 per cent of the data.
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A Gaia mukddésenek elso 22 hdonapjaban kapott méresek alapjan.
Kozzétetel: 2018. aprilis 25. Tartalma:

- 1,7 milliard csillagra égi pozicio es G magnitudo;

- t6bb mint 1,3 milliard csillagra parallaxis, sajatmozgas, Ggpr €S Ggp;

- tobb mint 7 millié csillagra atlagos radialis sebesseg;

- 161 millié csillagra felszini homeérséklet, 88 millio csillagra extinkcid és
vordsodes, 77 millio csillagra a sugar és a luminozitas értéke is;

- féelmillié valtozocsillag fénygorbeje és tipusba sorolasa,

- 14 ezer naprendszerbel
kisbolygo aktualis
helyzete az elvegzett
1,5 millid méres
idejéen;

- félmillié kvazar helyzete
és G magnitudoja az
égi vonatkoztatasi - -
rendszer rogzitésere A
kizarélag optikai | | ¥y N 4
meresekbdl. - 87 733 672

550 737
vanable sources

+ HOW MANY STARS WILL THERE BE IN THE SECOND GAIA DATA RELEASE? @ eSa

position & brightness on the sky ‘ "

1692 919 135
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vagy

A Gaia DR2 minden adata elérheto:
http://archives.esac.esa.int/gaia

http://cdsweb.u-strasbg.fr/gaia

Table 3. Properties of Gaia DR2 and external catalogues.

Catalogue N Sources PosErr,,,.“ Effective resolution AEpoch_ SysErr,_, ” Survey type*
(arcsec) (arcsec) (yr) (arcsec)

Gaia DR2 1692919 135 0.1 0.44

Pan-STARRSI1 DRI 2264263282 1.0 ~1.1 18.02 0.18 Dense
GSC 2.3 045592683 1.6 ~2f 62.79 0.63 Dense
PPMXL 010468 688 1.342¢ ~2f 15.5 0.155 Dense
SDSS DR9 469029929 10.0 ~0.7f 16.79 0.17 Dense
URAT-1 228276482 0.429 ~2.5f 3.189 0.03 Dense
2MASS PSC 470992970 1.21 ~2.5 17.29 0.173 Dense
allWISE 747634026 35.944 6.1,6.8,74,12.0¢ 547 0.055 Dense
APASS DR9 61 176401 2.359 ~5 3.5 0.035 Dense
HIPPARCOS2 117955 0.1684 ~0.3 24.25 0.2425 Sparse
Tycho-2 2539913 0.254 ~0.8 24.2775 0.2475 Sparse
RAVE 5 457 555" 0.6/ 3.5/ 15.5° 0.155 Sparse




A Gaila DR2 eredmeényeibOl

MBAsS
1000
i Trojans
¢ .
-(; 100
= NEAS
Q
10 -
1
1 10 100

a {au)

Fig. 1. Distribution of the semi-major axes of the 14 125 SSOs con-
tained in the final input selection. Not all the bodies shown in this figure
are included in Gaia DR2: 26 objects were filtered out for different rea-
sons (see Sect. 3.2 and 5).

Spoto et al. (2018)
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Eyer et al.: Gaia DR2 - The CaMD of Variable Stars
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Fig. 2. Known pulsating variable stars retriceved from pubished catalogues are placed in the observational CaMD, with symbols and colours
representing types as shown in the kegend (see [A.1]for the references from literature per type). All stars satisfy the selection criteria described in

Eyer et al. (2019)
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ig. 4. Same as Fig Qbut for eclipsing binaries (of types EA, EB, EW) and known host-stars exhibiting exoplanct transits. As expected, eclipsing
naries can be anywhere in the CaMD, that explains why they are a main source of contamination for instance of pulsating stars.

Eyer et al. (2019)
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All in most unmatched region, IDT Runs 1220+1222: N0201223 (idx 2155), 365K transits, G = 6.6 - 21.0
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M33 — ESA/Gaia/DPAC/IEEC-UB a Nagy-Magellan-felho rotacidja
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O now
> in 2.5 billion years
X in 4.5 billion years

1 million light years

Van der Marel et al. (2019)

Az Andromeda-kdd 110 km/s sebességgel kdzeledik a Tejutrendszerhez.

Az oldaliranyd mozgas a HST (2012) alapjan 17 km/s, de a HST+Gaia DR2
(2019) alapjan 50 km/s. Utkozés helyett koccanas lesz 4,5 milliard év mulva.
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Johet a DR3 — es a folytatas

Az eredetileg tervezett 5 éves méreési sorozat 2019 nyaran véget er, de
a Gala mar 2020 vegeig megkapta az ESA-tamogatast. SOt igéret
van a 2022 végeéig torteno tamogatasra (palyazni kesobb kell erre).

A végso Gaia-katalogus ezert 2024-nel korabban nem varhato.

Az adatkozlesek eddig is késtek a tervezetthez képest, de a Gaia
DPAC csak biztos(nak tlin0) adatokat akar nyilvanossagra hozni. A
DR3-at ezert ket réeszre is bontottak, hogy a késes ne fokozodjon.

Gaia EDR3 (early release): 2020. Ill. negyedéy, teljes asztrometria es
fotometria.

Gaia DR3: 2021. 1. felév, a Gaia EDR3 adatain tul
radialis sebességek (az eddig eléerhetonél halvanyabb csillagokra is)

- BP/RP/RVS spektrumok

- naprendszerbeli objektumok adatai (a leheto legnagyobb mintara)

- valtozocsillagaszati informaciok (a hosszabb mérési idészak miatt a
korabbinal nagyobb mintara)

- asztrofizikal informacidk (a szinkéep alapjan)

- a kettos és tobbszoros csillagokra vonatkozoan kulon asztrometriai
iInformacio
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ABSTRACT

We present a high-precision measurement of the parallax for the 12-day Cepheid SS Canis Majoris, obtained via
spatial scanning with the Wide Field Camera 3 (WFC3) on the Hubble Space Telescope (HST). Spatial scanning
enables astrometric measurements with a precision of 20—40 pas, an order of magnitude better than pointed
observations. SS CMa is the second Cepheid targeted for parallax measurement with HST and 1is the first of a
sample of 18 long-period (=10 days) Cepheids selected in order to improve the calibration of their period—
luminosity relation and eventually permit a determination of the Hubble constant H, to better than 2%. The
parallax of SS CMa is found to be 348 + 38 pas, corresponding to a distance of 2.9 + 0.3 kpc. We also present a
refinement of the static geometric distortion of WFC3 obtained using spatial scanning observations of calibration
fields, with a typical magnitude <0.01 pixels on scales of 100 pixels.

Key words: cosmology: observations — distance scale — parallaxes — stars: individual (SS CMa) — stars: variables:
Cepheids — supernovae: general
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Figure 1. Precision of parallax measurements vs. apparent luminosity from
ground and from space, 1995-2022. The right-hand ordinate axis shows the
distance at which the error exceeds 10%. Brown: ground-based measurements
from the Yale Parallax Catalog (van Altena et al. 1995). Green: stars with a
better than 30 measurement from Hipparcos (Perryman 2009). Purple:
measurements based on HST/FGS data (MacConnell et al. 1997; Hershey &
Taff 1998; Benedict et al. 2000, 2001, 2002, 2007, 2009, 2011; Nelan & Bond
2013). Orange: projected five-epoch precision for target and reference stars
from the Cepheid fields observed with HST/WFC3 using spatial scanning.
Blue: range of expected precision for Gaia observations, according to the post-
launch estimates in de Bruijne et al. (2015). With the exception of a few radio-
wavelength measurements (Reid & Honma 2014), only HST spatial scanning
and Gaia can push the 10% precision horizon beyond 1 kpc.
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