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Long Baseline Optical/Infrared

From Star

Optical Path Length
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Interferometry

From Star Transport light from
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Long Baseline Optical/Infrared

Interferometry

From Star From Star Delay line cart:

Pathlength equalization

Delay = BSing el

Baseline = B

Optical Path Length
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Long Baseline Optical/Infrared

From Star

Optical Path Length
Compensation

Interferometry

From Star

Delay = Bsin6

Baseline = B
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Long Baseline Optical/Infrared

Interferometry

From Star From Star

Spatial Resolution:
0.5\/B

Delay = Bsin6

Resolution = 0.5 mas

for 300 meter baseline
in H-band (1.6 um)

Baseline = B

M’m;wnw-vmw

Optical Path Length
Compensation " ﬁw
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Long Baseline Optical/Infrared
Interferometry

Spatial Resolution:
0.5\/B

Delay = Bsin6

Resolution = 0.5 mas

for 300 meter baseline
in H-band (1.6 um)

Baseline = B

Optical Path Length
Compensation
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Gaia

e Spatial Resolution: 100 mas

* Astrometric precision: 10 pas

e Absolute, wide-angle

Comparisons with Gaia
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Gaia

e Spatial Resolution: 100 mas

* Astrometric precision: 10 pas

e Absolute, wide-angle

Long Baseline O/IR Interferometry

e Spatial Resolution: 0.5 mas
* Astrometric precision: 20-50 pas

* Relative, narrow-angle

Comparisons with Gaia
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Interferometric Binary

Separated Fringe Packet
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Interferometric Binary

Separated Fringe Packet Modulated Fringe Packet
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Interferometric Binary
Visibility Modulation _
R * Fringe packet for the two
_ components overlap
oF  Amplitude of fringes varies
0.6k periodically
>
0.4
02 1 o fiVi+ f,V,exp[—2mi(uAa + vAS)]
00l fit/r2
0 50 100 150 200
Baseline (m)
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Interferometric Binary
Visibility Modulation _
O Ny * Fringe packet for the two
; components overlap
0'8;_  Amplitude of fringes varies
0.6} periodically
P e Binary Separation (Aa, Ad)
0.4
02 1 o fiVi+ f,V,exp[—2mi(uAa + vAS)]
00l fit/r2
0 50 100 150 200
Baseline (m)
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Interferometric Binary
Visibility Modulation _
O Ny * Fringe packet for the two
_ components overlap
0'8;_  Amplitude of fringes varies
0.6k periodically
P e Binary Separation (Aa, Ad)
04r * Flux Ratio (f,/f,)
02 o fiVi+ f,V,exp[—2mi(uAa + vAS)]
00l fit/r2
0 50 100 150 200
Baseline (m)
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Interferometric Field of View

* Interferometric field of view

: A
* Spectral Resolution: R = —
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set by the coherence length:
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Fringe Amplitude (arbitrary)
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20% Bandwidth ------
10% Bandwidth ——

~r-

-10

5 10

Boden (2000)

* Interferometric field of view
set by the coherence length:

AZ
A7

: A
* Spectral Resolution: R = —

* FOV = 200 mas for B =300 m,

A=1.6 um, R=190

* FOV = 50 mas for B =300 m,
A=1.6 um, R=50
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Binary Orbits
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 Spatially resolved orbits of spectroscopic binaries
* Masses and distances with 1-3% precision
* Lester et al. (2020)




Fundamental Properties:

Masses of Binary Stars

HD 24546 Primary

HD 24546 Secondary

2
Y™ Isochrones

II|

$»

Georgladtate
Umver51ty

2.5 N L B B B R A : 2.5 T T T T T ] T T 1 T
- . . ,
- —— Yonsei-Yale N — Yonsei-Yale o] / — l2Gyr -
| = = MESA =27 _ | = = MESAq,=27 e N S sG]
. . / -~ 1.8Gyr
i MESA 04, =2.0 | i MESA 0y, =2.0 1 / |
/
L - L - L / -
|
220~ - 220 - 220 ,‘ n
a % " [
= - 4 2 - 4 2 ( -
© © © \
© O ©
(a2 - 4 X - 4 .
1.5 — — 15 - B
B J 1.43 Msun i I 1.41 Msun |
T I T N TR SRR N N TR T S R N N N [
7000 6500 6000 7000 6500 6000 7000 6500 6000
Teff (K) Teff (K) Teﬂ (K)

Lester et al. (2020)




$»

GcorglaS%C
Fundamental Properties: e
Masses of Binary Stars
6.0 ——— e SR
4_0; ...;’00... . __
- ‘g%é_% | Mass-Luminosity Relation
S0 . 3’& 1 Torres et al. (2010)
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PSR - I - ® Orbital parameters
’ b i | . « P=5.3yr,a=8.5mas
e, o || . * 1% geometric distance
R, Ned |  +d=720.3547.84pc
gy NG - _ * Precise masses of Cepheid

B ) Aa_(mas)\ and COmpanlOn

Aé (mas)

 Companion: 3.3% flux

* Impacts integrated magnitude
and calibration of P-L relation

e Gallenne et al. (2018)
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Micro-arcsecond Precision Astrometry
Detecting Wobble in Binary Orbits

ARMADA Binary:
A/B-type primary \
O X O l
\ &50au->

ARMADA Binary + S-Type Planet:

e:/au\e \
v —>

NS E °

N\

T. Gardner
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Micro-arcsecond Precision Astrometry
Detecting Wobble in Binary Orbits

& Del Orbit O pas Simulated Detection Limits
8 — Precision! 100%
0715208314201 %7/13/2013
6 / 07/17/2011
- 80%
al width = 15 p-as C6/10/2012 0972072012 | . 8
09/19/2012 = bt
y /19/. § g
2 0 i
% 2 06/12/2012 % 8 60% §
2 = 2
e N 3
oL width = 15 p-as % %
_2 06/15/2012 06/20/2012
B P o 40.6 d 06/16/2012
' 20%
» a= 13-9 mas | | | | 10 pas wobbl
4 2 0 —2 —4 —6 —8 0 - - - - - -
milli-arcsec 0.5 1.0 1.5 2.0 2.5 3.0

planet semi-major (AU)

Gardner et al. (2018)
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Micro-arcsecond Precision Astrometry
Detecting Wobble in Binary Orbits

PHASES
Muterspaugfll et al. (2010)

Palomar Testbed Interferometer, CA
Three 40 cm apertures
110 m max baseline




Micro-arcsecond Precision Astrometry
Detecting Wobble in Binary Orbits

PHASES ARMADA
Muterspaugfll et al. (2010) Gardner et al. (20|21' 2022 submitted)
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CHARA Array of Georgia State University
a CHARA facilities are indicated with a bold outline

Palomar Testbed Interferometer, CA CHARA Array — Mount Wilson, CA VLTI — Paranal, Chile
Three 40 cm apertures Six 1 m telescopes Four 8-m UTs, four 1.8 m ATs
110 m max baseline 330 m max baseline 130 m / 200 m max baseline
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ARMADA Survey

Searching for Planets in Intermediate Mass Binaries

\, o * Monitoring 70 binaries

B + \\\ i ° ° * Binary separations of
= e \ o . 50-200 mas
o 1 % N : ® o0 ° :
” P, N ° * CHARA/MIRCX in the North
] Nl + VLTI/GRAVITY in the South

T ¢ Temst | e Gardner et al. (2021, 2022)

10° 5 + A ~—- ARMADA
“10t 100 100 102 10

Semi-major (au)
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ARMADA Survey

Detecting Wobble in Binary Orbits

Sky Coverage of Approved ARMADA Targets Binary Targets for CHARA / VLTI Survey
= CHARA Targets Observed at CHARA
.o Targetgs ® VLTl targets
74 Future VLTI targets (AO)
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(U. Michigan — Exeter)




Kappa Peg: Triple System

1004 ® WDS
+ ARMADA
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e PHASES: Search for
substellar companions
at Palomar Testbed

Interferometer
Muterspaugh et al. (2010)




Kappa Peg: Triple System
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+ ARMADA
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e PHASES: Search for
substellar companions
at Palomar Testbed

Interferometer
Muterspaugh et al. (2010)

* ARMADA Survey:

CHARA/MIRC-X
Gardner et al. (2021)
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Kappa Peg — Inner Orbit
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Muterspaugh et al. (2006)
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Kappa Peg — Inner Orbit

Kappa Peg Inner Orbit — PHASES Kappa Peg Inner Orbit — MIRC-X

* ARMADA is 100%
complete for compact

1 Median residual = 4.3 micro-arcseconds

B
gos JAN o triple systems
S ' o * Orbital elements
© 0
£ o\ Ve = | £ ¢ Masses
g O (CisAaNp=y T 0.0 1 N
a y 3 e Mutual Inclinations
©
5-05 * : = ’ 0.5
o NI
()

-1 \\«/ —1.0 -

! 0.5 0. .05 - 1.0 05 00 -05 -1.0

Differential Right Ascension (mas) dra | )
ra (Mas

Muterspaugh et al. (2006) Gardner et al. (2021)
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CHARA and VLTI: Outer Binary Orbits
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Differential DEC (mas)

Newly Detected Triple Systems at

CHARA and VLTI: Inner Wobbles
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Newly Detected Triple Systems at

CHARA and VLTI: Inner Wobbles

.| HD 199766 [ oo | 50| T A 08 ) HD 31297
0| 2.03-days s 06/ 5-days . -
o] 502 e v ol e 15 new triple detections
. . o e |01 A published in Gardner et al.
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Dual Field Mode

* Difference in the fringe
envelope position of the two
objects as seen by the beam
combiners is a measure of the
object separation on sky

* VLTI/GRAVITY — extends field of
view out to 2" (UT) and 4"’ (AT)

e GRAVITY wide — out to 30”

BC1

T ;
Eiaccigya : R
E ' BC2

AOPD(1) = AS - B+AOPD,+AOPD__ Pfuhl et al. (2021 ), Glindemann et al. (2003)
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VLTI Gravity: Galactic Center
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GRAVITY Collaboration et al. (2018a, 2022a, 2022b) R ffsetfom Sgr A arcsec)
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VLTI Gravity: Galactic Center
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0.05" (415 AU, 0.5x10% Rg)
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VLTI Gravity: Galactic Center
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Decl. Offset (mas)

400

200 A

Exoplanet Astrometry with

VLTI/GRAVITY

163.5 *
163.0
_357 -358
\ 300 —400
. 100 — :
] 3
<3 0 4
# ;.
¥
—100 - F
F
—200 1 —*

200 0
R.A. Offset (mas)

400

—200 —400 -600 -—-800

Fa (107*Wm~—2um™1)

0.03 4

0.02 +

0.01 +

0.00 +

e Keplerian orbit of HR 8799 e.

* GRAVITY K band spectrum of
HR8799 e (R ~ 500)
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/'"\ —— Luhman 16A

=== GP| data

GRAVITY data

——— Exo0-REM T=1150K / log(g)=4.3

SPHERE photometry

1.9 2.0 2.1 2.2 2.3 2.4
Wavelength (um)

GRAVITY Collaboration et al. (2018b)




Decl. Offset (mas)

400

200 A

—200 -

—400

Exoplanet Astrometry with

VLTI/GRAVITY
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GRAVITY . .
e Keplerian orbit of HR 8799 e.
163.5 A *
16301 * GRAVITY K band spectrum of
. S HR8799 e (R ~ 500)
100 — -
.g' 0-031 . —— Luhman 16A
$ 0 - + | , E\ i : Z):-:aEtI: T=1150K / log(g)=4.3
Fy Tl R e § e ooy
—100 - * ;g i :'" :ﬁ i 4¥".
:F g 0.01
| . . | —200 —*F— <
400 200 O —200 —400 —-600 —800 0
R.A. Offset (mas) 19 2.0 21 2.2 23 2.4 25

Wavelength (um)

GRAVITY Collaboration et al. (2018b)
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Exoplanet Astrometry with See ¢

|
VLTI/GRAVITY @K by

GRAVITY
e Keplerian orbit of HR 8799 e.
400 - 163.5 A *
163.01 * GRAVITY K band spectrum of
2 200 A HR8799 e (R ~ 500)
8 100 — -
-— . ©
- _ _
g 0 f . | o T ok et
.ai .-F -l': 7;002_ i /‘i' 4 “.-\\ 1 /—EA”J ‘\' A -;- g:il-lg:?photometry
O —200 4 : ke ‘ I.’_' — SN ® GRAVITY data
= ~100 F § j G L)
it :F g 0.01
| | l | —200—% — <
400 200 O —200 —400 —-600 —800 0
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GRAVITY Collaboration et al. (2018b)




Imaging Stellar Surface Features
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CHARA MIRC-X Starspot Model < ¢ Eridani — closest K2V star and

2020 Nov 2

0 =2.15 mas
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Star Spot Jitter

exoplanet host
* TESS photometry light-curve inversion

* Produce activity model to reduce rms
scatter in radial velocities

* Disentangle stellar activity from planet

* Interferometric imaging: stellar
inclination and orientation with
respect to the debris disk

Roettenbacher et al. (2022)




CHARA MIRC-X Starspot Model  « ¢ Eridani — closest K2V star and

2020 Nov 5
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University

Star Spot Jitter

exoplanet host
* TESS photometry light-curve inversion

* Produce activity model to reduce rms
scatter in radial velocities

* Disentangle stellar activity from planet

* Interferometric imaging: stellar
inclination and orientation with
respect to the debris disk

Roettenbacher et al. (2022)
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Convective Spots

* CL Lac: Asymptotic Giant Branch Star
* Brightness asymmetry

* Photocenter variability caused by
convection-related structures that
accounts for large parallax error

* Use Gaila measurement uncertainties
to extract the fundamental properties
of AGB stars using RHD simulations

Chiavassa et al. (2020)
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Apply for Time!

* Community access time is available at
both the CHARA Array and VLTI

* Key science drivers
* Stellar diameters — exoplanet hosts
* Binary Orbits
e Stellar Surface Imaging
* Circumstellar Disks

e Questions?
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CHARA Array: Beam Combiners

Current Instruments Upcoming Instruments Past Instruments

MIRC-X PAVO VEGA
6T, H-band (J) 2T 2T — 4T, 450 — 850 nm
Prism R=50,H<6.5-7.5 630-900 nm, R=30 R = 1700, 6000, 30000
Grism R=190, H<5.5-6.5 Rmag <7.0 -8.0 Operational: 2007 — 2020

MYSTIC SPICA FLUOR/JouFLU
6T, K-band 6T, 600 — 860 nm 2T, K-band

Prism R=49, H<6.5-7.5 R = 140, 4400, 13000
Grism R= 278, 981, 1724 Commissioning: 2022A Operational: 2002 — 2018

CLASSIC/CLIMB SIMARIL AO/Tiptilt Tracking: V < 12 mag
JHK, Broadband 3T, HK

2T: K<7.0-8.0 Improved sensitivity : - :
_ L Magnitude limits are given as a range
ST.K<6.0-7.0 Commissioning: 2023 from typical to best case sensitivities.




