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VERITAS SII

VERITAS: Very Energetic Radiation Imaging Telescope Array System
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Pushing modern Sll reach & scientificimpact "
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Measure dynamic system

Pushing modern Sll reach & scientific impact

2025-03-09 21:00:00

Earth rotation (& orbit)
T~1 day

|V|? versus
e t=time of observation

e.g. binary system
precise mass, age measurement ) =150 =100 -850 0 50 100 150 200

ui (m)

structure constant (mass distribution)
degree of evolution

“eccentricity problem,
modeling tides / orbit-rotation coupling —apsidal motion

» »

mass discrepancy problem?”...
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Spica system orbit T~4.01 days




Data from VERITAS VERITAS S
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Data from VERITAS VERITAS S

YU
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Data from VERITAS VERITAS S

The visibility changes significantly over ~20 minutes
* Spicais bright > can measure |V| in ~12-minute chunks
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Visibility versus hour-angle P

The visibility changes significantly over ~20 minutes

* Spicais bright > can measure |V| in ~12-minute chunks
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Examples of single telescope pairs on single nights
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Visibility versus hour-angle
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Examples of single telescope pairs on single nights
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(ALY (a) T2T4 JD2460745.778600

VA

VERITAS SII

The visibility changes significantly over ~20 minutes

Spica is bright - can measure |V| in ~12-minute chunks

Sharp fringes > must measure in short chunks!
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Area (fs)

Lisa - VERITAS Sll on Spica - Stellar Intensity Interferometry Workshop - La Palma, Spain - Oct 2026

Visibility versus hour-angle
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Oblateness of ¥ Cas
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VERITAS SII
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Examples of single telescope pairs on single nights

For a non-evolving source (even a non-round one)

|V| for a given telescope pair depends only on HA

— can combine multiple nights in a plot

Untrue for dynamic binary star system
- each night has different |V| vs HA
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Modeling the data - Two uniform disks in elliptical orbit

2025-03-09 21:00:00

V2(u,v,t) depends on 10 parameters

Symbol_|Name

e

T Time of periastron
;33 e Eccentricity
O
g Wo Longitude of periastron
g (line of apsides, major axis) at
T periastron
E Q Position angle of line of nodes
O q 0 q
[ Inclination
_a Semimajor axis
. - Oup,1 UD ang. diam. of primary
g % Bup.2 UD ang. diam. of secondary
@ g R Brightness ratio (>1)
Norm Instrumental normalization
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Use values from
other sources,
though we vary
these, too

Also depends on
e orbital period
apsidal period (tidal interactions)

Following formalism of Pan et al, ApJ, 356, 641 (1990)
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2-body orbital model on (only) SlI S
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VERITAS SII

Combine / compare with
iIndependent (non-Sll) measures
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Information from

Vogel (1892): 1889-1891

VERTTAS SIT
Baker (1910): 1907-1908
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Orbital Phase (for Tp = JD2440678.26, P=4.014553 days)
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Resolution of the “eccentricity problem™ [T

SIT + RV: P, To & U fixed A
SII: P, Tp & U fixed A
RV: P, Ty & U fixed -

* estimates of € from RV curves vary SIT + RV: P & U fixed A
II: P & U fixed
strongly S & U fixed

e €:crucialinputto binary models

RV: P & U fixed A

* may be due to subtle line-shift SII + RV: nothing fixed - .
. . . SII: nothing fixed - 4 wp not constrained, see text
issues in the technique and RV: nothing fixed - 1 lo]

el
Fed
<]
S
|-
ol
-l
it
epoch of measurement [1] Harrington et al. 2016 (TIDES) - —o—] . H
—e—
F—e—]
e

Harrington et al. 2016 (Average) . N
Tkachenko et al. 2016 | ©
Dukes 1974 - 4
Shobbrook 1972 A —o—
Struve et al. 1958 (1956 B) —c—] - —o—
Struve et al. 1958 (1956 A) [ o ] s F—c—
Struve et al. 1958 (1933 B) { —e— - —o—]
Struve et al. 1958 (1933 A) - ——oc— - —o—]
Baker (1910) {1 |—eo—] - <]

1 1 I 1 I I 1
0.10 0.15 0.20 120 140 160 180
Eccentricity wo (°) at Tp = JD2440678.09

[1] Harrington et al A&A, 590, A54 (2016)
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Resolution of the “eccentricity problem”

VERITAS SII

SII + RV: P, Ty & U fixed - l
. s : SII: P, To & U fixed - e
[
€ : crucial input to binary models RV: P. Ty & U fixed o
* estimates of e from RV curves vary SII + RV: P & U fixed - Bl
stronsl SII: P & U fixed - el
gty RV: P & U fixed - le]
* may be due to subtle line-shift SII + RV: nothing fixed - ol
. in th hni d SII: nothing fixed - |-0-|
issues in the technique an RV: nothing fixed -
epoch of measurement [1] Harrington et al. 2016 (TIDES) -
Harrington et al. 2016 (Average) - [—o—] D
Tkachenko et al. 2016 - —e—] >
S| Dukes 1974 - S
~ ©
Shobbrook 1972 - I = N
° Compl_etely independent Struve et al. 1958 (1956 B) A l—.— beb) S
t w/ diff lati Struve et al. 1958 (1956 A) - F—elo ~°
measurement w/ diff correlations Struve et al. 1958 (1933 B) 4 —e—] o .
. promotes Spica from a Struve et al. 1958 (1933 A) - HI3I »
) ) ) Baker (1910) {1 |—e—]
spectroscopic to a visual binary : . o
) 0.10 0.15 »
e accurate and precise measure of € Eccentricitd

[1] Harrington et al A&A, 590, A54 (2016)
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RV only
VSII only
RV+VSII
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Resolution of the “eccentricity problem™ VERITAS SII

SII + RV: P, Ty & U fixed - ll - 4!
L - : SI: P, To & U fixed{  |o] - H
€ : crucial input to binary models RV: P. T & U fixed - o | $
* estimates of € from RV curves vary SII + RV: P & U fixed - B T MH
SII: P & U fixed A e -
strongly RV: P & U fixed - fel e o]
* may be due to subtle line-shift SII + RV: nothing fixed . ] e
) i ) SII: nothing fixed - - 4 wo not gonstrained, see text
issues in the technique and RV: nothing fixed - o i o]
epoch of measurement [1] Harrington et al. 2016 (TIDES) - . N
Harrington et al. 2016 (Average) - [—o—] - |
Tkachenko et al. 2016 F—ao— - o —
S| Dukes 1974 - [—o—] 1 -
Shobbrook 1972 A e —oc—]
° Compl_etely independent Struve et al. 1958 (1956 B) 4 l—.—' .
tw/ diff lati Struve et al. 1958 (1956 A) —tc— .
measurement w/ diff correlations Struve et al. 1958 (1933 B) { —e—] il
. Struve et al. 1958 (1933 A) - —o— .
e promotes Spica from a
P p. . ) Baker (1910) {1 |—e—] - —o—]
spectroscopic to a visual binary : , . . . . .
. 0.10 oj1s 0.20 120 40 160 180
* accurate and precise measure of € Eccentr}city wo () ak To = JD2440678.09

 Hanbury Brown [2] fixed € = 0.146, wy = 138°
(& other parameters...)

[1] Harrington et al A&A, 590, A54 (2016)

[2] Herbison-Evans et al (1 971 ) Norkshop - La Palma, Spain - Oct 2026



Comparison to Narrabri data VERITAS SII

 Herbison-Evans (~5000 cycles ago!) measured
900+ visibilities, but only provided 45

v" Binary calculation with our parameters in
reasonable agreement

3 o .
« | 1 1 ] | | | | | i | | ] | | | | |
v" While orbital parameters disagree (due to y A -

previous assumption), we don’t disagree with data (c) T (a)

3— -
tyod SRRy
T
2— -
T % Herbison-Evans (1971) data
Herbison-Evans (1971) model
ok — VERITAS model (this paper)

43210 12 3 4 4324012 3 4
Hour Angle (h)
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0.107+3$3

1 1 . - SII
Joint fit RV + Sll data: more parameters—> more physics!
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vt Joint fit RV + SlI data: more parameters—=> more phys:cs' A

@ (mas) Joint VSII+RV (single y)
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Scientific impact

‘ S|l + spectroscopic (RV) measurements
|

J

inclined ellitpical orbital disk
binary, with apsidal motion

extracted params:

* sizes, masses, full orbital params

e structure (apsidal motion) const ks,
* (luminosity, temp)

|

compare to MESA trajectories
Jason Aufdenberg

Unprecedented constraints on

* (evolutionary) mass

* age: 202 Myr

* overshootf,, (core H/He mixing)

Lisa - VERITAS Sll on Spica - Stellar Intensity Interferometry Workshop - La

10.0 My, 2=0.01
4.5

10.5 My, Z2=0.01

4.5

11.0 Mo, Z=0.01
4.5 -

logio (Effective Temperature, Teq/K)

logqo (Effective Temperature, Te/K)

49.U MyT
I 10 constraint
: 32.3 Myr 28.5 Myr 25.4 Myr
[ 20 constraint 24.8 Myr
) 008 31.8 Myr 27.9 Myr o !
247
ov — V. 24.2 Myr :
444 7 _ 01 31.2 Myr 4.4 27.4 Myr 4.4 - 243V,
o 12 . 23.6 Myr 23.9 Myr
- Age -0 Myr 2¢ 2.9 Myr 23.4 Myr
j 30. 26.1 Myr 26.5 =Y 22.9 Myr
= 26.0 M 22.2 Myr 22.4M
- y yr
29.4
‘B’ 4.3 4.3 254 Myr 25.5 Myr 4.3 21.4 Myr 21.8 Myr
9 28.7 My 24.6 Myr 25.0 Myr 21.2 Myr
o 24.4 Myr 20.6 Myr
£ 27.9 Myr 23.8 Myr 23.8 Myr
g ’ 19.7 Myr
5 27.1 Myr 6.9 M 22.9 Myr 23.1 Myr 187 M
= 4.2 1 UV 4.2 1 22.5 Myr 4.2 4 187Myr
c * 26.2 Myr . 22.0 M :
S Y 2265'2MMW " 21.7 Myr 17.6 Myr —
o 25.2 Myr -0 Myr 20.9 Myr 20.9 Myr 165 M
2 242 M 24.8 Myr 19.8 Myr 20.1 Myr T —
yr 24.0 Myr e 19.2 Myr 15.3 Myr —f
4.1 1 23.0 Myr 23.1 Myr 4.1 1186Myr 18.2 Myr 4.19 140 Myr —
21.8 Myr 2212'321\1;'Iyr 17.4 Myr 17.2 Myr 12.7 Myr
20.5 M oo 16.0 Myr 16.1 Myr
yr 20.2 Myr 15.0 Myr 11.2 Myr —
19.1 Myr 19.1 Myr 14.6 Myr s |
4.0 = . - 1 4.0 . 1 . 1 4.0 +L6M . . .
4.50 4.45 4.40 4.35 4.30 4.50 4.45 4.40 4.35 4.30 4.50 4.45 4.40 4.35 4.30
logyo (Effective Temperature, Te/K) logio (Effective Temperature, Te/K) logio (Effective Temperature, Teq/K)
10.0 My, Z2=0.01 10.5 My, Z=0.01 11.0 My, Z=0.01
_20 ] 0.4 Mviy1 y —2.0 T T 8.0 Myr —20 i R 1 1.0 Myl
10.5 Myr 9.0 Myr 9.5 Myr 9.6 Myr 9.6 Myr 8.8 Myr
12.5 Myr 112-35 "h’}[Yf 11.3 Myr 11.0 Myr 11.2 Myr 10.1 Myr
14.3 Myr 14‘0 Myl;_ 13.0 Myr 12.4 Myr 12.7 Myr 11.4 Myr
-~ 16.0 Myr 15.4 Myr 14.6 Myr 13.7 Myr 14.0 Myr 126 Myr
o~ 17.6 Myr 16.7 Myr 16.0 Myr 15.0 Myr 15.3 Myr - yr
X —2.2 1 —-2.24 17.4Myr 16.1 Myr —2.2 1 14.8 Myr
o 19.1 Myr 18.0 Myr Ay 17.2 Myr 16.5 Myr 15.8 Myr
- 20.5 Myr 19.1 Myr 18.6 Myr 18.2 Myr 17.6 Myr 16.7 Myr
2 21.8 Myr 2201.231\1/\14er 19.8 Myr 19.2 Myr 18.7 Myr 17.6 Myr
g 23.0 Myr 22"2 Ivz’yr 20.9 Myr 20.1 Myr 19.7 Myr
O —2.4 A 24.2 Myr 23.1 Myr —2.4 4 22.0 Myr 20.9 Myr —2.4 4 20.6Myr
= 25.2 Myr 24.0 Myr 22.9 Myr 21.7 Myr 21.4 Myr
= 24.8 M 23.8 Myr 22.5 Myr
3 26.2 Myr o 23.1 Myr 22.2 Myr 21.2 Myr
=) 27.1 Myr 25.5 Myr 24.6 Myr
- . 26.2 Myr 23.8 Myr 22.9 Myr 21.8 Myr
E —2.6 1 27.9 Myr 26.9 Myr—2‘6 b 25.4 Myr 24.4 Myr —2.6 1 23.6 Myr 22.4 Myr
. ’ 26.1 Myr
g 28.7 Myr 27.5 M Y] 25.0 Myr 24.2 Myr 22.9 Myr
< 29.4 Myr 28.1 26.8 Myr 25.5 My 23.4 Myr
I ' 26.01 24.8 Myr 23.9M
o
— 30.1 Myr 28 27.4 Myr . X y
o —2.8 —2.8 1 26 —2.8 1 25.4 Myr
o 30.7 Myr 27.9 Myr :
25.9 Myr
31.2 Myr 28.5 Myr
26.4 Myr
_3.0 T 111 QB4 T 1_3.0 T ’)(I]I'\M‘rr T 1_3.0 T T T 1
4.50 4.45 4.40 4.35 4.30 4.50 4.45 4.40 4.35 4.30 4.50 4.45 4.40 4.35 4.30

logio (Effective Temperature, Teq/K)

25



Admission into an elite club VERITAS SII

The stars with sufficiently precise masses and structure
constants to “seriously constrain stellar models” [1]

—1.00- Claret (2019) model ZAMS
Torres et al. (2010) sources
R —1.25-
L 167 / dp T (r)
~ rr T 1 1
2 50 R° . P o —1.50- . Spica A, this paper
o> —1.75-
o
. . o —2.00
Spica A is most compressed M>Mg star o 3 [)
in this club. E . 1 Iﬁ
o —2.25 - e 3
= T osg™= t
O —2.50+ L
—2.75-
—-3.00 . l 1 :
0.0 0.5 1.0 1.5

Observed logig (primary star mass)/M ¢
[1] Torres et al (2010): § logiok, < 0.1 (Spica A~0.03)
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Summary: VERITAS SlI study of Spica C Ty

* Crucial: multiple baselines; 150 pair-hours; large mirrors and/or bright source

* Modern Sll takes another step forward
v'broad catalog of sizes
v'shape of rapid rotators
v orbital dynamics of binary system

* Complete orbital parameters & sizes
» spectroscopic binary = visual binary
e consistent with historical RV spectroscopic data
* resolution of the “eccentricity problem”

* Unprecedented precision = crucial input to stellar theory
* masses, interactions directly accessible with binaries
* determination of stellar mass, radius, age, mass distribution
* no “mass discrepancy”
 apsidal constant = tides, ang. mom. coupling (beyond range of current study)

[1] Tkachenko et al MNRAS, 458, 1964 (2016)
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