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ABSTRACT

Several independent groups have pursued and realized the creation of modern SII

instruments to perform high angular resolution observations at optical wavelengths,

one such instrument being VERITAS-SII (Very Energetic Radiation Imaging Tele-

scope Array System with Stellar Intensity Interferometry). An analysis methodology

customized for signal extraction of VERITAS-SII data is presented. Systematics

which effect the measured instrumental sensitivity are explored and subsequently

corrected for. An observationally driven statistical framework is implemented to per-

form Bayesian inference with a uniform disk squared visibility model, subsequently

measuring the instrumental sensitivity of the VERITAS-SII system with VERITAS-

SII data taken of Eta UMa on December 20th, 2021. The statistical framework is

expandable to more complex squared visibility models like limb darkened uniform

disk and binary models. The sensitivity measurement presented can be used to ex-

trapolate the sensitivity limitations of the VERITAS-SII instrument and future SII

instruments.
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INTRODUCTION

The field of stellar intensity interferometry was originally pioneered in the 1960’s at

the Narrarbri Observatory in Australia by Robert Hanbury Brown, Richard Q Twiss,

and John Davis with the creation of the first SII observatory and the first Stellar

Angular Diameter Catalog (Hanbury Brown 1956) (Hanbury Brown et al. 1974a).

These measurements and the resulting contributions that proceeded from the work

done at the Narrabri Observatory was significant, providing many initial contributions

to the field of quantum optics (Tuthill 2014).

In Bohec & Holder (2006), it was postulated that SII could once again be used as a

viable science technique by utilizing Imaging Air Cherenkov Telescope (IACT) with-

out much disruption to IACT observations. Since then, a SII team at the University

of Utah as well as other, independent teams like MAGIC (Acciari et al. 2019), have

worked to create a modern stellar intensity interferometry system. Particularly, a SII

system was installed at the Harvard Smithsonian Fred Lawrence Whipple Observa-

tory (FLWO) using the Very Energetic Radiation Imaging Telescope Array System

(VERITAS), implementing one of the first modern, stellar intensity interferometry

systems (Matthews & LeBohec 2020).

A further overview of stellar intensity interferometry which goes into some detail

on the strengths and requirements of SII is quoted from Davis et al. (2020):

”Stellar Intensity Interferometry (SII) is used to measure the squared visibility

which corresponds to the Fourier transform of the distribution of brightness from a

given source for the projected position angle of a pair of telescopes. SII measures the

squared visibility through correlations of starlight intensity fluctuations between sep-

arated telescope pairs. SII has a significant advantage of being relatively insensitive

to atmospheric effects and the minor imperfections of an optical system, allowing for

observations over large baselines and low elevation angles, leading to the extension of

uv-plane coverage (Dravins et al. 2012). Such uv-plane extension subsequently allows
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high angular resolution measurements of stellar targets with sub-milliarcsecond (mas)

resolution capabilities. Coincidentally, many telescope arrays constructed to perform

gamma-ray observations also meet the requirements of Stellar Intensity Interferom-

etry. For example, the Very Energetic Radiation Imaging Telescope Array System

(VERITAS)(Weekes et al. 2002) is an Imaging Air Cherenkov Telescope (IACT) array

that is a prime candidate for SII observations (LeBohec & Holder 2006). Recently,

there has been great experimental progress using IACT arrays for SII as evidenced by

successful on-sky observations from VERITAS (Matthews 2019), and MAGIC (Ac-

ciari et al. 2019). Future arrays, such as the Cherenkov Telescope Array (CTA) (The

CTA Consortium 2019), would offer even greater SII capabilities than current obser-

vatories due to the increased number of telescopes and larger baselines (Dravins et al.

2013).

SII observations are constrained by various source, observatory, and instrumental

parameters. These factors need to be carefully included when planning SII observa-

tions... Many similar constraints exist between OAI [Optical Amplitude Interferom-

etry] and SII in determining optimal observation targets...[but] they differ in several

important aspects. A key difference is that the expected signal-to-noise ratio of an

SII instrument is dependent on the quantum efficiency of the photon detectors, elec-

tronic bandwidth of the system, the effective throughput of the optical filter, and the

collecting area of the telescope (Hanbury Brown 1974) (Davis et al. 2020)”

Recently, the VERITAS-SII system obtained coverage of the squared visibility of

two bright stellar targets, with sensitivity several orders of magnitude higher than

the original Narrabri Stellar Intensity Interferometer (NSII) (Abeysekara et al. 2020).

The VERITAS-SII system is more fully described in Kieda et al. (2022b) along with

recent instrumental improvements. The VERITAS-SII system has continued stellar

observations and currently being used to perform a survey of stellar diameters (Kieda

et al. 2022a). Scientific interest in the field of SII has continued to surge (Guerin

et al. 2021),(Gori et al. 2021), (Liu et al. 2021), with other independent teams and
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observatories demonstrating SII measurements (Zampieri et al. 2021),(Horch et al.

2022),(Zmija et al. 2022).

There have also been interesting science collaboration proposals such as using SII

measurements at kilometer long baselines with a future CTA observatory with com-

pact binary systems. Using SII, one can calibrate gravitational wave observatories in

order to detect the predicted gravitational wave emission coming from compact bi-

nary systems (Baumgartner et al. 2020). Another study looked at parameter recovery

of binary models using SII concluding that many systems could be measured using

SII (Rai et al. 2021).

This work focuses on developing a signal extraction methodology suited to the

VERITAS-SII data collection system using a Bayesian methodology. This work also

explores many of the challenging issues inherent in analyzing data taken by the mod-

ern VERITAS-SII instrument, as well as pitfalls which can systematically bias the

measured instrumental sensitivity if not properly accounted for.

1. UNDERSTANDING STELLAR INTENSITY INTERFEROMETRY DATA

We start with the van Cittert–Zernike theorem (van Cittert 1934),(Zernike 1938)

which states that the measured coherence between two telescope beams is related to

the normalized Fourier transform of a stellar targets brightness distribution, referred

to as the visibility V , given by

V (ϕ, δ) =

∫ ∫
I(ϕ, δ)e−2πi(uϕ+vδ)dϕdδ, (1)

where ϕ and δ represent the angular coordinates of a stellar targets brightness dis-

tribution on the sky, I represents intensity, and u, v represents the geometric plane

coordinates.

The van Cittert-Zernike theorem can be visualized by using the normalized, radial

average of the Fourier transformation of a 2D numerical uniform disk model convolved

with a Gaussian filter. While such a visual does not perfectly represent the true |V |2
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given the shown object, figure 1 demonstrates that the uniform disk model is well

represented by this numerical approximation.

Stellar intensity interferometry measures the squared coherence |γ|2 between two

telescope pairs at a given projected baseline r, which is proportional to the g2 signal.

In an ideal SII system where it is assumed that squared coherence between two tele-

scope beams is fully attributed to a stellar target’s surface brightness distribution,

the relation approximately becomes

|γ(r)|2 ∝ |V (r)|2 ∝ g2(r), (2)

where |γ|2 is the squared coherence, |V (r)|2 is the squared visibility and g2(r) is

the squared coherence peak being measured. This simple relation does not include

additional correction factors which must be taken into consideration but are omitted

here for simplicity.

Taking from Rou et al. (2013) and from Abeysekara et al. (2020)) we relate g2 to

the normalized, time-averaged, correlated, intensities measured at two time-synced

telescopes a and b

g2(t, δt) =
⟨Ia(t)Ib(t+ δt)⟩
⟨Ia(t)⟩⟨Ib(t)⟩

, (3)

where Ix is the intensity measured at telescope x, t is the time at which the intensity

is measured, δt is the time delay of the coherence signal.

The amplitude of the g2 signal is measured by fitting a Gaussian function to the g2

peak, the Gaussian model given by

g2gauss(Ag, t, δt, σt) = Ag e−0.5(t−δt)2/σ2
t , (4)

where t is the time-delay shifted squared coherence bins (each bin 4ns separated in

time), δt specifies the time-bin where the g2 is located, the amplitude of the Gaussian

Ag ∝ |γ(r)|2 shown in equation 2 and σt is the time-delay spread of the g2 function
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Figure 1. The top image shows a numerical uniform disk model, created by placing a

uniform disk of intensity into a very large 2D frame, in angular units of ϕ and δ, at a

observing wavelength of 410 nm. The bottom image is the normalized, average radial

intensity of the numerical 2D Fourier transform of the top image fit with a Uniform Disk

model in projected baseline units, given by equation 14. SII measures the amplitude of the

g2 peak, the amplitude of g2 proportional to |V |2, the gray box showing a typical range of

projected baselines measured by the VERITAS-SII system.
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(a)

Figure 2. An example of how the g2 peak amplitude is modeled and measured using equa-

tion 4, represented by the blue line. The red line represents the time-averaged correlogram

over 30 minutes using the February 2020 Eta UMa data. The measured amplitude of the

Gaussian model is what is directly associated with the squared visibility of a stellar target.

induced by the optics and electronics of the telescope. An example of a gaussian

model being fit to g2 is shown in Figure 2.

Data from VERITAS telescopes is collected using a time synchronized, data acqui-

sition system described in Kieda et al. (2022b), with a data collection rate of 250

MHz, with a full weekly run generating significant fraction of a petabyte of raw data.

Because raw voltages take so much hard drive space, during a run data is processed

and reduced into 2 dimensional, time delayed-correlation-summations between pairs

of telescopes, creating much smaller correlogram data files. These 2D correlograms

are organized into rows of 4 ns time-delayed correlation bins, with time delay corre-

lations covering 128, 4 ns bins, with correlation summations over 1/8 seconds or 1

second, depending on the date that the data was taken, an example shown in figure

3. Organizing data into time-delay shifted correlograms using a multiply summation

algorithm enables fast data reduction and systematic corrections, like the geometri-

cal optical path delay time-delay offset correction (OPD) detailed in section 2.2 (the

OPD calculated using the mathematics in appendix A.1).
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A 2D g2 correlogram model is given by

g2map(tn, t) = g2gauss(Ag(tn), t,OPD(tn), σt), (5)

where tn represents the mid time of a single time average (the mid sky-time between

the start and end time of a single time average), t represents the time-delay bins ,

OPD(tn) is the optical path delay function which designates the location of the center

of the g2 peak at mid time tn (the time-delay δt or column position of the g2 peak at

mid time tn, and Ag(tn) dictating the amplitude of the g2 Gaussian at mid time tn.

Reconstructing the projected baselines at mid time tn (projected baseline recon-

struction described in appendix A.1), assuming the time averaging is over small in-

tervals (intervals short enough where any change in |γ|2 is approximately linear, the

details of which are given in appendix B), the calculated projected baseline at the

mid-time of a time-averaged correlogram row rn is directly associated to amplitude of

the g2 peak (Ag(rn)) and subsequently used to fit squared visibility models |V (rn)|2.

Once projected baselines and the geometrical optical path delay corrections are

associated to VERITAS-SII correlogram data, how well the VERITAS-SII g2 correl-

ograms can be modeled by this methodology is explored. A straight-forward way to

test the efficacy of this technique is to create g2 correlogram residuals by subtracting

the best-fit, 2D correlogram model from the data, demonstrated by Figure 4.
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(a)

Figure 3. A radio interference corrected, 2 hour run of Eta UMa g2 correlogram shown

as a heatmap for the T3T4 telescope pair on December 20th, 2021. The y-axis represents

the time elapsed during the run, with each row representing 1 minute of time-averaged

correlations. The x-axis represents the time-delay of the correlation signal, with each column

representing a single 4ns time-delay bin, with heatmap intensity as the squared visibility.

The projected baseline for this particular telescope pair is ideal for Eta UMa, which is why

the g2 signal is so clearly seen as the bright diagonal line in the image. Demonstrated is

that within one minute, the VERITAS-SII system can achieve a reasonable SN of about 5

for a B magnitude 1.67 star. Displaying and modeling VERITAS-SII correlograms as a 2D

data structure is core to the ideas implemented in this work. Heatmap visualizations are

generated by Matplotlib (Hunter 2007).
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(a)

Figure 4. A demonstration of equation 5 fit to the correlogram shown in figure 3. The left

image shows a cutout of the radio cleaned correlogram data. The middle image shows the

best fit 2D g2 using a 5 term polynomial for Ag, a geometrically calculated OPD function

with a numerically calculated time delay offset correction, using a g2 peak width of 0.85×4

ns. The right image is the g2 correlogram residuals (g2 data minus the g2 model) and shows

the g2 signal is fit accurately enough to no longer be visible within the residuals.
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1.1. The Signal and Noise of a Stellar Intensity Interferometer

Taking from Rou et al. (2013), the squared coherence |γ|2 measured between two

telescopes a and b at a projected baseline r and ignoring instrumental reduction

techniques, is approximately given by

|γ(r)|2 ≈ (1 + βa) (1 + βb)

∆fτc
g2(r), (6)

where βx is a background light correction factor (or the background light intensity

divided by the stellar signal intensity), ∆f is the electronic bandwidth of the digital

photon detectors (for VERITAS-SII the photon collection devices used are Photo

Multiplier Tubes or PMTs), τc ≈ λ2/(∆λc) where τc is the coherence time of the

incoming light, λ is the center wavelength of the bandpass filter and ∆λ is the optical

bandwidth of the bandpass filter, the amplitude of g2 being related to a stellar targets

squared visibility.

Assuming that the background light ratio βx is negligible (valid for Eta UMa with

β < 1%) and including instrumental parameters, the squared visibility of an unre-

solved stellar target (or the value of |V |2 one would measure at a projected baseline

of 0 meters, r = 0) is defined as

N |γ(r = 0)|2 = |V (r = 0)|2 = 1, (7)

where and Ag is the amplitude of the g2 peak and N is the instrumental normaliza-

tion constant of the system. The value of N is approximately dependent upon the

parameters given in 6, to how digital currents I are being counted, summed, and

recorded with 8-bit values to various other instrumental parameters. These various

instrumental parameters remain constant from target to target (assuming the instru-

ment and correlogram reduction techniques have not changed) and as such, these

various instrumental constants are all represented as a signal value of N .

Taking from Rou et al. (2013) the total expected signal Sab and noise Nab amplitude

of g2 proportional to the squared coherence measured between two telescopes a and

b is
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Sab = AaAb αaαb η
2 |γ|2∆v∆f, (8)

Nab =

(
2AaAb αaαb ∆f

T

)1/2

η∆ν, (9)

S

N ab
=

(
T AaAb αaαb∆f

2

)1/2

η|γ|2, (10)

where Ax, represents the collecting area of the corresponding telescope, α represents

the corresponding quantum efficiency of the telescope system (which includes things

such as detector efficiency, mirror reflectively, light collection efficiency etc.), η is the

spectral density of the light being collected (nphoton/(m
2 sHz)), ∆v is the optical

bandwidth of the light, and ∆f is the electronic bandwidth of the system.

For a typical SII instrument parameters such as bandwidth, system efficiency, and

collecting area are often approximately equivalent for separated telescopes, with the

variable factors being the integration time T and a stellar targets apparent magnitude

m.

If correlogram values are representative of |V |2, taking from Davis et al. (2020) an

initial SN calibration is defined with the error of the |V |2 correlogram σ|V |2 as

σ|V |2 =
C

n0 2.5−mcal

√
2

∆f Tcal AaAb αaαb

, (11)

which can then be used to predict the observational error expected from other stellar

targets σobs

σobs = σ|V |2 2.512
(mobs−mcal)

√
Tcal/Tobs, (12)

where n0 is the spectral density (nphoton/(m
2 sHz)) of a zero magnitude star, mcal

and mobs is the magnitude of the calibrator target and observed target respectively,

Tcal and Tobs is the integration time used for the calibrator target and observed target

respectively, and C is an additional calibration factor which corrects for instrumental

inefficiency such as dirty mirrors.
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With measurements are of |V |2 as defined in equation 7 an observed extrapolation

instrumental sensitivity of an unresolved target at a given magnitude and integration

time is defined as

instrumental sensitivity = σobs × 100% (13)

In the book The Intensity Interferometer by Robert Hanbury Brown (Hanbury

Brown 1974) the original magnitude sensitivity limitation was given as 2.5. Using

equation 12 and taking signal to noise measurements from the The Intensity Inter-

ferometer, figure 5 gives the expected SN ratio (1/σobs) of the NSII for an unresolved

stellar target.

Figure 12 demonstrates a key struggle with the NSII, in that with an hour of in-

tegration time, one could expect a SN ratio of about 3 with a magnitude 2.5 star.

Without instrumental upgrades, the only way to improve the SN of the NSII was to

increase the integration time (which scales as the square root), meaning any measure-

ments of a stellar target at or dimmer than a magnitude of 2.5 would often take 8

hours or more to reliably reach a SN above 5. To reach a magnitude of 3.5 with the

NSII it could take up to 60 hours of observing time, the impracticality of such long

measurements limiting the NSII to a magnitude of 2.5.

Irrespective of the success of the NSII in creating one of the first stellar angular

diameter catalogs, due to NSII being limited to a B magnitude of 2.5, along with

upgrades to the NSII instrument being difficult to implement, SII ceased to be used

as a technique with plans being abandoned for an upgraded NSII observatory in favor

for the more sensitive Michelson interferometers.

1.2. The Astrophysical Science Possilble with SII

Michelson interferometers, or optical amplitude interferometers (OAI) instruments

measure the visibility V , where as SII instruments measure the squared visibility |V |2.

Because the fundamental signal measured by both OAI and SII are stellar visibilities,
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Figure 5. The predicted scaling of the signal to noise ratio of an unresolved star using the

NSII, taken from The Intensity Interferometer (Hanbury Brown 1974) page 161. S/N on

the y-axis is defined as 1/σobs, with the red line equation 12 calibrated using Beta Carinae

as measured with the NSII given 1 hour of observing time, with other points taken directly

from The Intensity Interferometer (Hanbury Brown 1974).

insight is gained as to the science an SII instrument is capable of by understanding

the science an OAI instrument is capable of.

A good example of a modern OAI instrument (or a optical Michelson interferometer)

is the Center for High Angular Resolution Astronomy (CHARA) (ten Brummelaar

et al. 2005). Recent results from CHARA report the dimmest star measured reaching

magnitude 7.34 in the H band (Anugu et al. 2020), far beyond the capabilities of the

NSII.

The instrumental sensitivity CHARA achieves allows numerous science studies such

as directly characterizing the rotation of eclipsing binaries (Zhao et al. 2008) and

characterizing the size and shape of rapid rotators (Che et al. 2011).

In respect to VERITAS-SII, a comparable science case CHARA performs is high

precision measurements of the angular diameters of many different types of stellar tar-
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gets, CHARA achieving uniform disk angular diameter errors of around 2% (Boyajian

et al. 2012a),(Boyajian et al. 2012b), (Boyajian et al. 2013).

One of the models used by CHARA to measure the angular diameter is a uniform

disk model, something originally done with the NSII (Hanbury Brown et al. 1974b).

VERITAS-SII is measuring the squared visibility and so the uniform disk model is

given by

|V |2(r, θ, λ,Nre)d = Nre

[
2
J1(πrθ/λ)

πrθ/λ

]2
, (14)

where r is the projected baseline, θ is the angular diameter in radians (typically

presented in milli arc seconds or mas), λ is the center wavelength of the bandpass

filter, Nre is the instrumental renormalization constant (a renormalization which must

be included in the squared visibility model and simultaneously fit for as an initial guess

normalization is used), and J1 is the first Bessel function.

As CHARA has proven itself as a valuable, modern astrophysical science observa-

tory, with CHARA and VERITAS-SII fundamentally measuring the same signal (V

and |V |2 respectively), calculating the sensitivity on a uniform disk diameter mea-

surement (given a known N value) in a similar fashion as CHARA has done, will allow

one to extrapolate the science capabilities of the VERITAS-SII system. Importantly,

it can allow an extrapolation of the instrumental sensitivity (equation 12) providing

a prediction of the capabilities of any future SII instruments (equation 10).

A VERITAS-SII instrumental sensitivity measurement using a uniform disk model

can be performed if we can assume that a stellar target’s visibility is approximated

with a uniform disk, the instrumental normalization N is known and measurements

are after the zero baseline but before the first zero of the visibility, with the Eta UMa

data shown in figure 3 satisfying these requirements.

This work uses a Bayesian analysis to determine the instrumental normalization

constant N while simultaneously varying the angular diameter θ. Once N has been
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fit for and fixed, a measurement is made of the angular diameter uncertainty σ|V |2 ,

allowing an extrapolation of the limiting sensitivity of the VERITAS-SII system.

2. CORRECTING FOR SYSTEMATIC BIAS

Systematic bias is able to statistically significantly change the angular diameter and

instrumental normalization measured with high signal to noise data. Importantly, one

needs to show that systematics are either accounted for within the analysis, or are

included in the uncertainty. This work will consider bias induced by radio interference,

OPD smearing, and correcting for OPD timing offset due to timing uncertainties,

these systematics able to significantly bias the measured instrumental sensitivity.

2.1. The radio interference systematic

Raw correlograms include ambient noise present in the environment. This ambient

noise includes spurious and random noise from when radio communication equipment

present at the FLWO is activated. There is also a systematic and very troublesome

79 MHz coherence signal present in VERITAS-SII correlograms, which is unrelated to

the g2 signal. Figure 8 shows what a raw correlogram g2 column mean typically looks

like compared to a noise corrected correlogram g2 column mean. In order to measure

a viable g2 signal, raw g2 correlograms are summed and cleaned of this interfering

radio signal, as shown from the correlogram column mean in Figure 6.

For this work a multi-term cosine series is fit and subtracted off of raw correlogram

data, a single cosine term given by

SRFi(t, ωi, ϕradioi)tn = A0i + Ai cos(tωi + ϕradioi), (15)

where SRFi is the i’th radio frequency interference signal, A0i represents the mean

amplitude offset of the i’th cosine term, Ai is the amplitude of the corresponding i’th

cosine term, t is the given time-delay bin, ωi represents the time-delay bin angular

frequency of the i’th cosine term, and ϕradioi is the phase offset of the i’th cosine

term all at a given mid-time average of tn. For this particular data set, a lower
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frequency and higher frequency cosine are fit to data and subtracted off each time

averaged row. Only the higher frequency RF signal is found to be significant, fit

results given in figure 7 (pre RF shielding) and figure 9 (post RF shielding). This

fairly simple cleaning routine is sufficient for measuring an instrumental sensitivity

with bias induced by the cleaning routines included in the instrumental sensitivity

uncertainty. However, for future analysis, more sophisticated routines need to be

implemented which can be directly included in squared visibility modeling.

Radio interference fitting routines work consistently when radio interference is dom-

inant. However, when radio interference is not dominant, the fitting routines struggle

as seen in Figure 9, with the best fit phase acting unpredictably at times. Figure

9 also demonstrates that while radio interference for data taken of Eta UMa with

radio shielded detectors is less troublesome, the radio interference still needs to be

addressed, as the amplitude of the radio interference in figure 9 is comparable to the

amplitude of the g2 peak in figure 8.

Figure 6 shows squared coherence data of Eta UMa before radio shielding was

implemented. The g2 peak was accordingly measured from this noisy data which

had to be cleaned out, as was demonstrated in Abeysekara et al. (2020), while also

showing a core difficulty of measuring the g2 signal with unshielded detectors. In

particular, radio interference could be orders of magnitude larger than the actual

g2 signal one was trying to measure. The systematic 79 MHz radio interference,

although typically well behaved and time-dependent as seen in figure 7, is difficult to

near impossible to predict beforehand from run to run. Due to the unpredictability

of the exact form of the 79 MHz interference, column summations of correlogram

data were done before OPD corrections, often for several minutes at a time, in order

for cleaning of the radio signal to be adequately performed. As seen in Figure 6, if

row summation is done before OPD correction, the g2 signal can be smeared across

several time delay bins, reducing SN and possibly introducing normalization biases

into g2 measurements, with the amount of dilution highly dependent on the rate of
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(a)

(b)

Figure 6. (a) The correlogram column mean of raw Eta UMa data g2 without radio

cleaning, for the T3T4 telescope pair on February 6th, 2020. (b) The same correlogram

column mean after it has undergone radio cleaning and an OPD-drift correction.

change of the geometrical OPD. This normalization biasing effect can be clearly seen

in Figure 6, with the g2 peak nearly doubling in amplitude with only an approximate

OPD correction being included in a correlogram column mean.

The SN measured for Eta UMa without OPD correction (shown in Figure 6) is

comparable to the data that was presented in Abeysekara et al. (2020), where-in

radio interference was cleaned from data with column summations of 20-30 minutes.
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(a)

(b)

Figure 7. (a) is the phase of the radio interference as a function of observing time before

the radio shielding of detectors was installed. (b) is the first term amplitude of the cosine

series (the amplitude of the first sinusoidal term). The x-axis is in units of 60 seconds (or 1

minute) and is the mid-time average of each row from the start of the run. (a) shows that

the radio interference is a fairly well behaved function of time.

Interestingly, even with older data, it can be seen that cleaning radio interference on

smaller time chunks and then performing an OPD correction, one can boost the g2

signal. However, due to the unpredictability of the radio interference, taking smaller

time chunks was not feasible for many runs as it was safer to ensure accurate radio
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cleaning and attempting normalization bias corrections, rather than risking high levels

of radio contamination entering into the g2 measurements.

Upgrades have been included into the VERITAS-SII system which have been

detailed in Kieda et al. (2022b), which importantly included encasing the photo-

multiplier-tubes in brass, effectively blocking out much of the radio interference.

Comparing data of Eta UMa taken without RF shielding (figure 6) to data taken

with RF shielding (figure 8), the 79MHz coherence signal is very likely to be radio

interference, justifying cleaning routines.

Figure 9 shows that it is still possible for cleaning routines to track the radio in-

terference and remove it from the signal, while also showing that this can become

difficult due to how much quieter the radio interference has become. As radio inter-

ference is much less problematic, one could consider the RF shielded measurements

to display the true capabilities of the VERITAS-SII system.

Using the modeling methodology presented in this work and the radio interference

model, we can also begin to more fully understand how radio interference fundamen-

tally alters the underlying g2 fits made to the data. A more fully realistic model

is simulated by utilizing equation 15, 4, the Uniform Disk squared visibility model

given in equation 14, and by adding Gaussian noise, which can be convolved with a

Gaussian filter to more closely resemble the actual correlograms. A full g2 correlo-

gram simulation is given in figure 10. To demonstrate that simulations represent real

data, Figure 11 shows measurements made of the phase and amplitude of simulated

radio interference, which resembles the measurements made of the radio interference

in actual data shown in figure 9.

Ensuring systematic bias after correlograms have been cleaned is negligible is impor-

tant when validating results. Using simulated measurements, if the radio interference

is not removed, a large systematic bias is induced into the angular diameter and

instrumental normalization measurements, shown by figure 13.
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Figure 8. The correlations summed and displayed into one dimension. Before radio shield-

ing, it wasn’t even possible to show the g2 signal in comparison to the radio interference, as

the radio interference dominated the signal. Here, it can be seen that radio interference is

an order of magnitude smaller than the amplitude of the g2 peak calculated from an OPD

drift corrected column mean measurement.

Using cleaning routines on simulated data injected with simulated radio interfer-

ence, figure 12 demonstrates most of the systematic bias due to radio interference

is removed. Even after simulated radio interference has been cleaned out, it is clear

in figure 12 that there can still be a faint systematic left within the measured |V |2.

Irrespective of this, the residual sinusoid has much less of an effect than the origi-

nal radio interference. Even when radio interference cannot be cleaned out exactly,

there is some hope for accurate measurements shown in figure 14, in that if one can

measure the instrumental normalization and hold it fixed, the systematic bias that

is introduced by radio interference when fitting a Uniform Disk model can be mostly

avoided.
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(a)

(b)

Figure 9. (a) is the phase of the radio interference as a function of time for the radio

shielded Eta UMa data. (b) is the amplitude of the radio interference as a function of time

for the radio shielded data. The x-axis is in units of 60 seconds (or 1 minute) and is the

mid-time average of each row from the start of the run.



22

Figure 10. A more fully realized simulation of VERITAS-SII data with radio interference

injected into simulations. The uniform disk model used has an angular diameter of 0.736 mas

with a normalization of 1. The left image shows the simulated correlogram with Gaussian

noise and radio interference. The middle image is the true g2 model function. The right

image is the g2 correlogram data after the simulated data has been cleaned from injected

radio interference.
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(a)

(b)

Figure 11. (a) is the best fit phase of the noise correction as a function of time for the

simulated data. (b) is the best fit amplitude of the radio interference as a function of time

for the simulated data. The parameters for the simulated radio interference were chosen to

represent the radio interference in figure 9.
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Figure 12. A simulated measurement of simulated |V |2 data using a uniform disk model,

with the simulated |V |2 cleaned data represented using a 10 term polynomial, the amount

of terms used to emphasize the g2 peaking effect. The normalization and the uniform

disk diameter were allowed to vary freely. By cleaning out the injected sinusoid, both

the normalization and the uniform disk diameter get somewhat close to the true values.

However, a slight sinusoid does still appear to be present, irrespective of the cleaning.
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Figure 13. A simulated measurement of simulated |V |2 data using a uniform disk model,

with the simulated |V |2 uncleaned data represented using a 10 term polynomial, the amount

of terms used to emphasize the g2 peaking effect. The normalization and the uniform disk

diameter were allowed to vary freely. The uncleaned radio interference highly biases the

measurements made using a uniform disk model.

Figure 14. A simulated measurement of simulated |V |2 data using a uniform disk model,

with the simulated |V |2 uncleaned data represented using a 10 term polynomial, the amount

of terms used to emphasize the g2 peaking effect. If one can calibrate the instrumental

normalization, the accuracy of the angular diameter measurement improves dramatically

especially if radio interference can’t be fully cleaned out.
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2.2. Time-averaging spread and OPD timing offset systematics

An accurate characterization of the OPD function is vital for accurate measure-

ments. The reason for this is straight-forward, in that telescopes must track a target

throughout the night, causing the optimal time-delay to change due to the changing

geometry of the array. For Eta UMa VERITAS-SII data presented, this time-drifting

g2 function can be seen in figure 4.

Since we can accurately characterize the g2 signal as shown in figure 4, we can use

the best fit g2 width to directly model the true profile of the g2 function, shown

in figure 15, while simultaneously performing a numerical correction to the OPD to

maximize extracted g2 signal.

The best fit model for the g2 peak gives a Gaussian peak width around 3.5ns and is

essentially what the peak width should be given an instantaneous measurement and

the optical spread of the VERITAS mirrors. This leads to the conclusion that for

VERITAS-SII data, the true g2 function behaves somewhat like a Kronecker delta

function, with g2 almost entirely confined to a single bin. Because g2 is so thin,

any time averaging over 5 minutes generally risks smearing g2 over several bins,

reducing SN. To avoid g2 smearing, time averages of 1 minute are taken, along with

an assumption that g2 changes linearly over minute long time averages, allowing us to

directly associate the mid-time average with the amplitude of |V |2 (further detailed

in appendix B).

The expected OPD starting time-delay is not always as predicted. Given the thin

nature of g2 and that the initial time-delay of g2 is not exactly what is predicted

by the correlator, we can modify the modeling methodology we have established to

systematically vary the starting time-delay offset of the geometrical OPD function

and search for the time offset which produces a maximal g2 peak value, given by

g2map(tn, δt) = g2gauss(Apoly(tn), t,OPD(tn) + δtoff , σt), (16)
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where tn is the mid time-average, t is the time-delay bin, Apoly is a 1 term polynomial

function fit to the g2 peak amplitudes, σt is the width of the g2 Gaussian peak, and

δtoff is a constant added to the OPD function which provides the maximum g2 peak

measurement. Figure 16 shows the mean polynomial amplitude of g2 as a function of

time delay offset δtoff .
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Figure 15. The best fit g2 peak for the Eta UMa run presented in this work. The best fit

g2 peak is so thin, that it nearly behaves as a Kronecker delta function. The blue dashed

lines are placed to clearly illustrate just how confined the g2 peak is to a single delay bin,

with nearly a 50% decline in amplitude over a signal bin and a nearly 95% decline in

amplitude over 2 time delay bins.
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Once the mean g2 is found as a function of time-delay offset, a 2nd term polynomial

is fit near the maximal mean polynomial amplitude, the result of which are shown in

figure 17. The derivative of the best fit polynomial is solved for when it is equal to 0

to find the optimal time-delay offset which maximized the g2 signal.

This numerical OPD offset correction becomes difficult to accurately perform with

lower signal to noise data. One way this systematic time-delay offset could be cor-

rected is by the observation of a target from which the signal can be seen on all

telescope pairs. One could then fit optimal path-delay measurements to all pairs

of telescopes simultaneously, calibrating the expected time-delay offset. This is not

something that the Eta UMa data is capable of, as the T3T4 pair is the only pair

with a reasonable amount of SN for a numerical correction to be viable. As such,

this sort of simultaneous OPD offset calibration correction is left for a target with

reasonable SN on all telescope pairs.
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Figure 16. The mean value of a 1 term polynomial fit to the amplitude of the g2 peaks

along the geometrical OPD as a function of time delay offset δtoff . Had the OPD function

simply been taken as is (on the x-axis this would be a correction of 0), a g2 signal that was

only a fraction of the true signal would have been measured.
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Figure 17. The 2nd order polynomial which is fit to the measured mean amplitudes near

where the g2 amplitude peaks. Taking the derivative of the fitted polynomial and finding

the value of δtoff where the derivative is equal to 0, a fairly precise measurement of the

δtoff the g2 amplitude peaks at is made. This correction is only valid if there is enough

signal to noise within the data. If SN is low, the fitter will warn the user and default to

a δtoff of 0, meaning that if low SN data is to be measured, one must be able to make

accurate OPD calculations beforehand as a numerical correction is likely to systematically

bias measurements rather than improve SN.
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3. AN OBSERVATION DRIVEN SENSITIVITY ANALYSIS

This work primarily seeks to measure an instrumental sensitivity using a normal-

ized, uniform disk model given by equation 14. Models beyond the standard uniform

disk are also of particular interest for future studies, like binary models, limb dark-

ening models, and rapid rotator models. A valuable tool for exploring more complex

models is Bayesian inference, especially when exploring how parameters correlate

within multi-parameter models. Bayesian inference can also indirectly measure the

instrumental renormalization factor Nre allowing a measurement of the instrumental

sensitivity with an associated uncertainty.

Implementing a Bayesian analysis code is not a trivial task. There are many tools

available for exploring models using Bayesian methods. In particular, there is a

well accepted and utilized cosmology Bayesian code called Cobaya (Torrado & Lewis

2019), (Torrado & Lewis 2021). Cobaya is a Bayesian code primarily designed for

cosmology, interfacing with things like the Planck data, constraining baryonic acoustic

oscillations, measuring the Hubble constant using supernova, etc.

The feature of Cobaya most relevant to this work, is Cobaya’s code interface for

developing custom models and likelihoods. By utilizing Cobaya’s modeling interface,

one can extend the Bayesian analysis capabilities of Cobaya to squared visibility

models with a likelihood and covariance implemented within the context of Cobaya’s

framework. Because the mathematical concepts we utilize here are quite critical to

the sensitivity measurement of this work, an overview of the statistical components

implemented with Cobaya is given.

We start with the residuals of a given squared visibility model defined as

∆|V (r, ...)|2 = |V (r, ...)|2 − |V (r)|2meas, (17)

where |V |2(r, ...) represents some input squared visibility model at projected baseline

r, which is dependent on some arbitrary number of parameters, |V (r)|2meas is the
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measured squared visibilities at a projected baseline of r. A visual example of an

input |V (r, ...)|2 model to Cobaya is given in figure 4.

The next component is the covariance matrix C (defined below), with this work

constructing a covariance matrix by measuring |V |2 error directly from the residuals

in figure 4, using a polynomial fit to the standard deviation of the guess normalized

correlogram as a function of time, the results of which are shown in figure 18.
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(a)

Figure 18. The |V |2 correlation bin uncertainty as a function of time for the T3T4 telescope

pair on December 20th, 2021 for Eta UMa using the guess normalization. The blue dots

are the measured standard deviation of each correlogram row, the smooth yellow line is a

4 term polynomial fit to the blue dots. The polynomial fit (smooth yellow line) is what

is used to construct the covariance matrix. The variable uncertainty is due mostly to the

change in target elevation, which is increasing as a function of time during this run.
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The reasoning why we should be able to directly measure the error from the auto-

correlation bins is to realize that measured photo-currents aren’t significantly chang-

ing on minute long time scales and that any squared visibility measurement that falls

far outside the appropriate time-delay bin, barring systematic error, should give a

value of 0. We also know that the squared visibility error is dependent upon instru-

ment parameters, miscellaneous currents, and the magnitude of a stellar target, as

detailed in section 1. Squared visibility uncertainty is entirely independent of the

projected baseline, and as such, the error measured from squared visibility bins that

are incoherent is assumed to be approximately equivalent to the error associated with

fully coherent squared visibility bins. The correlogram distribution can also be seen

to be quite Gaussian with figure 19 showing a PDF distribution that follows what

you expect from a Normal distribution, meaning we can also assume squared visibility

error is approximately Gaussian.

Given that the covariance matrix is constructed from error directly measured from

data, there is error associated with the error. In particular, when one combines dif-

ferent telescope pairs, systematic noise fluctuations can systematically bias measure-

ments made with other telescope pairs, essentially limiting any sensitivity measured.

Regardless of systematics, it should still be possible to measure a g2 instrumental

sensitivity. In order to act conservatively when it comes to determining the g2 sen-

sitivity, we add in quadrature the coherence error due to Poisson counting statistics

measured from a fully time-averaged run and the time-dependent covariance measured

in figure 18.
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Figure 19. This shows a histogram of the correlogram residuals of the entire run for the

T3T4 pair Eta UMa run presented throughout this work. The blue bars represent the

probability density of the squared coherence distribution. The yellow line represents the

best Normal distribution fit to the distribution, showing the assumption that correlogram

bin error follows a Normal distribution is at least approximately true. This distribution was

calculated using a guess instrumental normalization.
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With all the various components in place, a covariance matrix C is constructed

with three assumptions, that each correlogram bin is independent of every other

correlogram bin, correlogram noise is Gaussian in nature, and systematics have been

properly identified and accounted for or are negligible. Using these assumptions,

a diagonalized co-variance matrix is constructed with an amplitude given by the

polynomial fit shown in figure 18, which by definition, makes all off-diagonal elements

equal to 0, something which can only be done if one can consider correlogram bins to

be uncorrelated, the covariance matrix defined as

Cdiag = σ2
|V |2(tn) + σ2

sys, (18)

where Cdiag is a diagonalized covariance matrix inferred from the squared visibility

correlogram, σ2
|V |2(tn) is the squared visibility error at the mid time of a time average

tn determined by the polynomial fit to the squared visibility correlogram, and σ2
sys a

correction for any biasing systematics.

Finally, Using equation 17 with the diagonalized covariance given in equation 18

χ2 =
1

2
∆|V |2 ·

(
C−1 ·∆|V |2

)
, (19)

where χ2 is the probability statistic used to infer parameter likelihoods in the SII

Bayesian analysis used in Cobaya.

3.1. Results of the Bayesian Analysis

We start with a guess instrumental normalization which is multiplied directly into

the radio noise cleaned correlogram, shown in figure 3. Using Cobaya and the plotting

software getdist (Lewis 2019), the CosmoMC algorithm (Lewis & Bridle 2002) (Lewis

2013), and the likelihood statistic in equation 19, likelihood functions are implemented

for the normalized, uniform disk model given in equation 14 for the Eta UMa data.

For efficiency reasons, especially when it comes to calculating the inverse covariance

matrix for a given correlogram, we cut out as much of the correlogram as is reasonable,
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Figure 20. This shows a histogram of the renormalized correlogram residuals for the T3T4

pair Eta UMa run presented throughout this work. The blue bars represent the probability

density of the squared coherence distribution. The yellow line represents the best Normal

distribution fit to the distribution. This distribution was calculated using the inferred

instrumental normalization.

with a cropped version of the correlogram shown in figure 4. If multiple frames are

to be used (because the inversion of the covariance matrix becomes too cumbersome

computationally) the likelihood statistic is calculated for each frame individually and

summed.

The results of the renormalized uniform disk model given in equation A5 is shown

in figure 22, with an instrumental renormalization of 0.695± 0.0913 measured. This

measured instrumental normalization is used to renormalize the data and refit the

|V |2 error, the results of which are shown in figure 20 and 21.
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(a)

Figure 21. The |V |2 correlation bin uncertainty as a function of time for the T3T4 telescope

pair on December 20th, 2021 for Eta UMa using the inferred normalization. This is the

uncertainty used in the covariance matrix to calculate a final sensitivity measurement using

a uniform disk model.
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Figure 22. The triangle plot for the Uniform Disk diameter model given in equation

14. Shows that the time-dependent normalization is nearly linearly dependent upon the

measured angular diameter. The uniform disk diameter measured here is 0.759 ± 0.076

mas and the renormalization factor is Nre is 0.695± 0.0913.
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Figure 23. The posterior of the angular diameter parameter for a fixed normalization

Uniform Disk diameter model, given the inferred normalization. The uniform disk diameter

measurement gives 0.767 ± 0.018 mas, giving an instrumental sensitivity of 2.4% ± 0.8%,

the error due to a combination of the radio frequency cleaning routines, normalization

uncertainty, and the variable error throughout the run. Without well constrained priors on

the instrumental normalization the error on the uniform diameter measurement is increased

by about a factor of 4. Because the normalization is inferred, this should be seen as a

instrumental sensitivity measurement and not a uniform disk diameter measurement of Eta

UMa.
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3.2. Sensitivity Sanity Checks

The instrumental sensitivity, defined in equation 13 and measured from the posterior

plot in figure 23 is exceptional. Figure 24 demonstrates that the SN expected from

VERITAS-SII over 1 minute of integration time is comparable to the SN expected

from the NSII over 1 hour of integration time. Some sanity checks would be good

to verify that we understand the error and that the MCMC process is working as

intended.

First we can verify that the Gaussian error measured scales as equation 12 predicts.

Figure 24 demonstrates the expected scaling of the SN (1/σobs), much like what is

shown in figure 5. As we are able to predict the expected error scaling using equation

12 with Eta UMa as a calibrator, it argues that the error measured by this process is

σ|V |2 which is used to extrapolate expected instrumental sensitivities.



43

Figure 24. The predicted SN (1/σobs) using the measured instrumental normalization and

sensitivity with Eta UMa as a calibrator target for the VERITAS-SII system. The blue

line is the SN as predicted by Eta UMa, the red dots being the SN measured from other

stellar targets as a function of B magnitudes. The red line is 1/σobs for the NSII taken from

Hanbury Brown (1974), assuming NSII magnitudes are comparable to VERITAS-SII. The

close proximity of the blue and red lines visually demonstrates that 1 minute of VERITAS-

SII data is comparable in SN to 1 hour of NSII data.
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A second check is to consider the error one would expect if one correlated the

incoming telescope beam with itself (the error one would expect given two identical

beams injected with random noise). By looking at equation 11, we can see that each

telescope contributes error proportionally to the square root of telescopic parameters

multiplied together. Essentially, we could say that given telescope a and telescope b

σab =
√
σaσb, (20)

σab is the error in a correlogram, σa is the error contributed by telescope a and σb is

the correlation error contributed by telescope b.

If one has more than 1 telescope pair, lets say telescope a, b, c, we can demonstrate

the concept of the noise one would expect if we correlated the telescope beam with

itself using a system of equations. Solving for the correlogram noise of three telescopes

we have

σa =
xy

z
, (21)

σb =
xz

y
, (22)

σc =
yz

x
, (23)

where x = σab, y = σac, z = σbc, all three of which are directly measurable using the

method shown in figure 19 and 20. σa, σb, σc is the error expected given a telescope

beam (a, b, c,) correlated with itself.

While correlating a beam with itself is not a physically possible thing to do, it does

make a conceptual argument to justify the measured sensitivity, as we expect the |V |2

from a self-correlation to be 1. As we know the true coherence should be 1, we can

obtain an approximation on the instrumental sensitivity for an unresolved target by

simply inverting the self error calculated, given by.

SelfSensitivity = 100× 1

σself

≈ 1

N
1/2
row

σcorr, (24)
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where σcorr is given as the error measured in figure 20, which is an approximation for

σself with the correction factor Nrow = 131, being the number of time-averaged rows

used in the calculation of σcorr.

Plugging the values in and using figure 20 as the self-expected error, a sensitivity

of about 2% is found, slightly below the measured Uniform Disk diameter sensitivity

which is a good sign as squared visibility models are not linear functions. As such,

the error measured on any given squared visibility parameter, besides maybe the zero

baseline normalization, should generally be higher than σself .
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(a)

Figure 25. The measured amplitude of |V |2 renormalized. The blue line is a 4th order

polynomial fit, the yellow line the measurement of |V |2 minute by minute. The blue line

was subtracted from the yellow data points and a g2 RMS measured from the residuals, the

measured RMS 0.2525.

3.3. Sensitivity Sanity Check Using Simulations

Another way we can check the measured sensitivity is through a more brute force

Monte Carlo method by directly simulating measurements of thousands of simulated

runs. There are two ways we can do this, first is a 1D method with a process similar

to what was used in Davis et al. (2020), the second is to simulate measurements of

2D simulations that include radio interference injection and cleaning.

Starting with the 1D simulations, the g2 RMS error of 0.2525 is measured as shown in

figure 25, and Gaussian error of amplitude 0.2525 is added to each point of thousands

of simulated 1D uniform disks. Taking these simulations we then perform non-linear,

least squares fitting using the scipy curve fit function (Virtanen et al. 2020). The
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error of the best fit of the simulations is measured using a normal distribution fit

to the histogram of the best fit parameters. These 1D simulated runs will contain a

similar range of baselines, with a similar angular diameter for each run, with Gaussian

error with an amplitude equivalent to the measured RMS added to each point. The

results and an example run of the 1D Monte Carlo analysis is shown in figure 26,

with the 1D simulations giving an instrumental sensitivity around 3%, which is fairly

consistent with what the MCMC process measured, especially given the simplistic

nature of the 1D simulations.

For more complex 2D simulations with radio interference that is subsequently

cleaned out, a mean Gaussian error added of 0.246. An example 2D simulation is

shown in figure 10. We measure the sensitivity from the 2D simulations exactly as

with the 1D simulations, with the results of the 2D PDF of the measured angular

diameters given in figure 27, providing a measured sensitivity of 2.6%.

Taken altogether, all of these different estimation techniques agree with the mea-

surement of 2.4% ± 0.8%, the uncertainty on the instrumental normalization due to

radio frequency cleaning routines, the uncertainty on the instrumental normalization,

and the changing uncertainty throughout the run shown in figure 21.

As this work used only 2 of the 4 VERITAS-SII telescopes, we can perform a direct

comparison to NSII. Considering 2 telescopes demonstrates a SN increase of nearly

8 when compared to observing a target of similar magnitude and time compared to

NSII (Hanbury Brown (1974) page 161). With 2 telescopes, assuming background

light, noise, and OPD error are not complicating factors (something that is not given),

VERITAS-SII has the theoretical capability to push to a B magnitude of 6 with 2

telescopes. Additional upgrades with an ideal target suited for all 4 VERITAS tele-

scopes could push the magnitude limitation even further, assuming any complicating

factors do not appear.

Given this result, one must realize that there are many systematics which are much

harder to correct for with dimmer targets, meaning signal boosting systematic correc-
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(a)

(b)

Figure 26. (a) is an example of a single simulated run with the best fit Airy disk radius

to the simulated points, with the true angular diameter of 0.764 mas with a 0.740 angular

diameter measured. (b) is the probability distribution of 50000 of these runs. The measured

sensitivity is 3%, close to what the MCMC process also measured.
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(a)

Figure 27. The histogram fit of 2500 2D simulated runs with Gaussian error of 0.2525

added to each correlogram bin and radio interference added into the correlogram and sub-

sequently cleaned out. It gives a sensitivity of 2.6%, putting the measured sensitivity of the

Monte-Carlo 2D simulations very close to the sensitivity measured by the MCMC process.

tions may not be possible and one needs to be cautious when directly extrapolating

measured sensitivity to dimmer targets.



50

4. DISCUSSION AND CONCLUSIONS

The measured instrumental sensitivity of the radio shielded VERITAS-SII system

is extraordinary. This analysis was conducted using a single telescope pair, with data

taken on a single night of Eta UMa, a 1.67 B-mag star (Wenger et al. 2000) over

the course of a 131 minute long observing run, in bright moonlight conditions. This

analysis has shown, that given an appropriate stellar target, good baseline coverage,

and optimal signal extraction, the sensitivity one obtains is exceptional. We see how

exceptional this sensitivity is by comparing the VERITAS-SII to a modern Optical

Amplitude Interferometry (OAI) observatory like CHARA. Take for example the

CHARA 44 stellar diameter catalog presenting limb-darkened disk measurements for

many stellar targets at sensitivities near 2% (Boyajian et al. 2012c). The results of

this analysis shows that SII can achieve a sensitivity result of 2.4%, a measurement

that could be included within the 2012 CHARA angular diameter catalog.

For more complex stellar astrophysical science cases, like the direct characterization

of binary systems, the characterization of rapid rotators, or studying how the diameter

of cepheids changes with surface brightness fluctuations, are likely limited to a B

magnitude around 3, largely due to the mathematical modeling bias and systematics

which can become quite difficult to correct for with dimmer targets and longer time

averaging.

For more simple astrophysical situations where a uniform disk model is a good rep-

resentation of the stellar target, when background light can be considered negligible,

and when an observation can take place for the whole night (approximately 12 hours

maximum), the limiting magnitude is increased to 5 to 6, dependent on observing

conditions, the observation elevation, and the temperature of the target. This mag-

nitude limit is given by the best SN (1/σobs) that can be reasonably achieved given

ideal observing conditions, negligible systematics, and long winter nights, where an

ideal unresolved target with a B magnitude above 6 will likely be at, or begin to drop



51

below a SN of 2.5 without improvements to the VERITAS-SII instrument. Even

given months of observing time, low SN foils attempts to combine multiple nights

of data, as currently the starting time-delay offset of g2 must be corrected for (fig-

ure 16). As such time-delay offset corrections are necessary, a low SN (1/σobs) at or

below 2.5 makes it likely to fit to (and combine) peaks unrelated to g2, invalidating

measurements.

Even though current instrumental sensitivity limits more interesting astrophysical

science cases to bright targets, this does not suggest that a dedicated SII observatory,

one built with the intention of maximizing the SN using SII, will be limited in the

same way. Consider equation 10 and how signal to noise scales with B magnitude

(where B magnitude is a proxy for photon density) as seen in figure 24. One direct way

to increase the SN is to increase the area of the collecting mirrors of a SII telescope.

As SII does not demand mirrors with optical precision, VERITAS-SII itself spreading

the light around 4ns (a Gaussian FWHM spread of about 3.5 ns measured and shown

in figure 15), if a new SII observatory were built with a 120 meter diameter collecting

mirror, there would immediately be a boost in the signal to noise on the order of 5 to

6 stellar magnitudes assuming nothing else is improved. Improving the timing, the

electronic bandwidth, and the photon detectors, another SN boost of 2 to 3 stellar

magnitudes could be achieved, meaning given a combination of upgrades and large

collecting area, a future SII observatory could begin to reach well into the GAIA

catalog (Gaia Collaboration et al. 2018).

As was mentioned in Bohec & Holder (2006), SII was abandoned much to the fa-

vor of OAI science due to the technological and cost limitations of performing SII

research at the time of NSII. Modern SII has shown it is a viable technique for var-

ious astrophysical science cases, with some detailed by Bojer et al. (2022), a study

that was performed with the assumption of lower, previously published sensitivities

(Abeysekara et al. 2020). Not only is there promise in the future of SII with future

SII observatories, there is also incredible promise for OAI with the CHARA Michel-
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son Array promising incredible upgrades to projected baseline coverage and stellar

resolution (Gies et al. 2019).

The modern era of astronomy is built upon the principles of multi-messenger as-

trophysics (Mészáros et al. 2019). As SII and OAI are capable of performing similar

types of science, an interferometric future built upon the principles of multi-messenger

astronomy (as in measurements which are made using independent techniques, which

one might call multi-messenger interferometry), is an interferometric science future

with more scope and promise than either OAI or SII could provide individually.

One example of a joint SII and OAI future possible with VERITAS-SII, would be

preforming joint interferometric observations of a bright target to study how system-

atics effect measured visibility. With such a dual SII OAI observation, one could

reasonably expect measured visibilities to be fundamentally equivalent, given equiv-

alent projected baseline coverage and observing wavelengths. A joint OAI and SII

observation would be especially useful for tackling the systematics faced in SII (spuri-

ous radio interference, normalization bias, etc.), which differ from those faced in OAI

(atmospheric turbulence, optical mirror defects etc.). Such observations could ver-

ify systematics are correctly accounted for both SII and OAI, enabling independent

confirmations of high sensitivity measurements on a stellar targets uniform disk diam-

eter. SII and OAI performing joint interferometric studies empowers the underlying

astrophysical science and sets the stage for a modern interferometric future.
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APPENDIX

A. THE METHODOLOGY OF ANALYZING AND MODELING SII TARGETS

A.1. Reconstructing Projected Baseline coverage and the Optical Path Delay of the

UV plane

The uv-plane coverage for a given target observation is determined in the following

manner. As outlined in Segransan (2007), the coverage for a single projected baseline

B⃗p is defined by

B⃗p

λ
=


U

V

W

 , (A1)

the number of baselines Nb that are possible for a given telescope array with nt

telescopes is

Nb = nt(nt − 1)/2, (A2)

with each unique, baseline position B given by:

B = [(BNS, BEW , BELV)0, (BNS, BEW , BELV)1, ..., (BNS, BEW , BELV)Nb
], (A3)

Where BNS is a North-South difference measurement, BEW is an East-West difference

measurement and BELV is an elevation difference measurement for each respective

baseline.

Once we have each baseline position, the projected baselines and optical path delay

correction is calculated using matrix operations with

B⃗p(δ, l, h) = λ∗

 − sin(l) sin(h) cos(h) cos(l) sin(h)

sin(l) cos(h) sin(δ) + cos(l) cos(δ) sin(h) sin(δ) − cos(l) cos(h) sin(δ) + sin(l) cos(δ)

− sin(l) cos(h) cos(δ) + cos(l) sin(δ) − sin(h) cos(δ) cos(l) cos(h) cos(δ) + sin(l) sin(δ)


 BNSi

BEWi

BElvi

 ,

(A4)

where δ is target declination, h is target hour angle, l is the latitude of the observatory,

λ is the bandpass wavelength, for each individual baseline Bi.
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Using Astropy (Collaboration 2018) coordinate systems and units, the matrix given

in equation A4 is populated using a given targets location on the sky, the times it was

observed and the location of the observatory telescopes. The fully populated matrix

is then solved using Scipy (Virtanen et al. 2020) matrix routines, from which the 1D

radial projected baseline and the Optical Path Delay correction are extracted.

Assuming the expected visibilities produced in the uv-plane to be circularly sym-

metric (which is not always the case) the 2D uv-plane coordinate system can be

written in terms of a single radial baseline given by

r(uBp , vBp) =
√

u2
Bp

+ v2Bp
, (A5)

where u and v are the uv-plane baseline coverage coordinates determined from the

projected 2D baselines and r is the distance from the center of uv-plane coordinate

system.

Using the extracted projected baseline coverage, OPD, and measured g2 amplitudes

we can then fit a given visibility model.
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B. CORRECTING FOR TIME-AVERAGING BIAS

Data taken by the VERITAS-SII system does not represent an instantaneous mea-

surement of |γ|2, but is a time-averaged measurement |γ|2(t)avg given by

|γ|2(t)avg =
1

ts − te

∫ te

ts

|γ|2(t)dt, (B6)

where t is an instantaneous moment in time, ts is the time-average start time, te is

the time-average end time.

Instead of directly calculating |V |2avg, we use the approximation that the |V |2 at

the any given tavg over a minute long average is a linear function. Assuming this, we

extrapolate the expected instantaneous |V |2(t) with

|V |2(ts, te)avg ≈
|V |2(ts) + |V |2(te)

2
(B7)

A time-averaging correction is performed by offsetting the projected baselines cal-

culated at ts by a half-time step using a cubic spline, providing a good approximation

(approximating the true squared visibility to a fraction of a percent for minute long

time-averages) to the underlying visibility model with

|V |2(ravg) ≈ |V |2(rs +∆r/2), (B8)

where ∆r being mid projected baseline at the mid time average between ts and te.



56

REFERENCES

Abeysekara, A. U., Benbow, W., Brill, A.,
et al. 2020, Nature Astronomy, 4,
1164–1169,
doi: 10.1038/s41550-020-1143-y

Acciari, V. A., Bernardos, M. I., Colombo,
E., et al. 2019, Monthly Notices of the
Royal Astronomical Society, 491, 1540,
doi: 10.1093/mnras/stz3171

Anugu, N., Le Bouquin, J.-B., Monnier,
J. D., et al. 2020, AJ, 160, 158,
doi: 10.3847/1538-3881/aba957

Baumgartner, S., Bernardini, M.,
Canivete Cuissa, J. R., et al. 2020,
Monthly Notices of the Royal
Astronomical Society, 498, 4577,
doi: 10.1093/mnras/staa2638

Bohec, S. L., & Holder, J. 2006, The
Astrophysical Journal, 649, 399,
doi: 10.1086/506379

Bojer, M., Huang, Z., Karl, S., et al. 2022,
New Journal of Physics.
http://iopscience.iop.org/article/10.
1088/1367-2630/ac5f30

Boyajian, T. S., McAlister, H. A., van
Belle, G., et al. 2012a, The
Astrophysical Journal, 746, 101,
doi: 10.1088/0004-637x/746/1/101

Boyajian, T. S., von Braun, K., van Belle,
G., et al. 2012b, The Astrophysical
Journal, 757, 112,
doi: 10.1088/0004-637x/757/2/112

Boyajian, T. S., McAlister, H. A., van
Belle, G., et al. 2012c, The
Astrophysical Journal, 746, 101,
doi: 10.1088/0004-637x/746/1/101

Boyajian, T. S., von Braun, K., van Belle,
G., et al. 2013, The Astrophysical
Journal, 771, 40,
doi: 10.1088/0004-637x/771/1/40

Che, X., Monnier, J. D., Zhao, M., et al.
2011, ApJ, 732, 68,
doi: 10.1088/0004-637X/732/2/68

Collaboration, A. 2018, Astronomical
Journal, 156, 123,
doi: 10.3847/1538-3881/aabc4f

Davis, J., Matthews, N. K., & Kieda,
D. B. 2020, Journal of Astronomical
Telescopes, Instruments, and Systems,
6, 1 , doi: 10.1117/1.JATIS.6.3.037001

Dravins, D., LeBohec, S., Jensen, H., &
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