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Abstract

Photometry of the “third star” eclipse of b Per was done using an 80mm refractor and Canon EOS/Rebel DSLR.
The observing run provided a clear view of the beginning of the “third star” eclipse, and a fair lightcurve of the
ellipsoidal variation of the inner binary pair. This project also provided a case study in some well-known
considerations for DSLR photometry of bright variable stars: the interplay of exposure duration, de-focus, and
camera linear range; selection of the size of the measuring aperture; the risk that the size and shape of the PSF
might vary across a relatively wide field-of-view; and the merit of averaging/binning observations to reduce
photometric scatter. In this case, everything went very well, and provided excellent internal consistency and
photometric precision of 0.01 mag over 10 nights of observing.

Background  Pokdof or (0S8 25 X1 degrn)
E . . .

AAVSO Alert # 610 requested monitoring bf | WLD" 44 S R
Per (= HIP 20070 = AUIDD00-BBG-774) to detect : 2 _/‘ R |
and characterize the *“t A . clipse
,which waspredicted forl2 February, 2018. b Pés : : Comp = HIP20156 — : ;
a threestar system The innemair (* A-" B 'hdsan 3 o5 : g
orbital period of = 1.5 S TN 2 gLy ecl i pse
but do exhibit a continuous periodic brightness . m,ﬂ...,wo'_] !
variation caused by the ellipsoidal distortion of the; : 2 g s :
stars. The third staf “ Cdrbjts this pair with a o : S
peri od of e 704.5 day ° : . :

transits/eclipses as it passes across/behind the inn ; o
pair. The star is brightv =} .Tée thirdstar - -
eclipse depth was expectFigugpl: fFigdofgRerinDIRy vyt Amag = 0.25
mag, and the ellipsoidalariation is aboutA ma g =
.07 RP. Each observer was requested to monitor the
star with long observing runs each night, spanningE .
the interval from a week before to a week after theliquipment
eclipse, in order to characterize offsets between
observers, and to ensure thia¢ llipsoidaivariation | have recently moved to Gold Canyon, Aahd
could be properly treat ehdavienn'etacyhetoblswirlvter aspdamanent
An image of the field, with target, Comp, and project, | cobbled together a simple portableuget
Check stars identified, is shown in Figure 1. an 80 mm F/6 refractor, aold Canon EOS/Rebel
DSLR, and an even older Celestron Polaris mount.
The equipment was placed on the roof deck af ou
house, as shown in FiguPe
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Planning and Preparation

This project preseat challenges that are typical
of brightstar photometry compounded by the
limitations of the DSLR came:
(a) The target, Comp, and Check stars must be
well within the linear range of the camera (i.e.
unsaturated) on the images. This implies a peak
pixel << 3500 ADU for my old DSLR camera, with
12-bit output, which makes it very important to select
appr@riate exposure duration to avoid saturation of
the star images. (A newer -bit camera would be
more forgiving, but still a critical step in planning
DSLR observations is to select
duration.)
(b) With such a bright targetn small perture
telescopés preferred to avoid being forced to very
short exposures
(c) Exposures of at least 15 secorads desired
to minimize the effect of atmospheric scintillation on
the photometry.
(d) For DSLR photometry, a low ISO setting
(ISO 100)is almost always preferred. The low ISO
setting permits longer exposures without saturating
the star imageand also increases the dynamic range
of the system
(e) It can be very usefulo defocusthe imager
Figure 2: Portable photometry setup for two reasons First, it is mandatory that the star
imagesbewels ampl ed (say, >4 pixels
and a bit of defocus can help meet this criterion.
Several cheap accessories were neddenfing  Wwith a DSLR sensor, the sampling requirement must
this together As shown in Figure?, the telescope he met aft er -Balyer saeatgustoi s “ de
rings aren’t i nt ematéedgthf aHe Gtedni chanels Which fmpliesSaOFWAIM &f at
of 1X3 Birch lumber was used to balance the|east8_]_o pixels before d®ayering Second the
assembly and attach it to the Polaris Germarjefocusreduces the peak pixel count the star
Equatorial mount. There is mapability forguiding, image( compared to a ,“whiehst focus"”
but the mount tracks well enough for 30 SeCOﬂdmight then permit the use of a |onger exposure
unguided exposures at this image scale. Theithout saturating See, ér example Mann, et al
telescope s focuser cannot | (PofL1t) andtCOrfti & Gleedorg(Pot7). O f t he
DSLR without slipping. This was dealt with by (f) With a bright targeta fairly wide fieldof-
rigging a spring arrangement between the camera angew (FOV) — a degree are larger is usually
the telescope ring that carries about half of theneeded Bright stars are widely spaced on the sky,
camer a’ sinthehiggre, tgu can barely see and a narrower FOV won't comfo
this Spring arangement reaching the underside of thE‘the target, a comparablyright Comparison star
camera. (“‘Comp"” ), and a kmothe dase@hbec k st ar.
Pol ar alignment was dopeg herelsyonedh€ good(cénipatisoR tdr nerBy’ Y
well, as it turned -doat )oyer 17 &rbrfnl fOom thé tarfe®dnd the mo& O
mount, so target acquisition was done by offset convenient check star is over half a degree ftben

pointing and stahopping each night. target. The setup that | used for this project provided
The good results of thiproject show that 3 FOV of 1.7 X 2.5 degrees.

scientific astronomical observatioran be gathered

with surprisingly simple equipment. Focus: With the setup | was using, a well
focused i mage gave a point spre
4 pixels (beforedBayer i ng) . This is “to

be wellsampled after d8ayernhg, and would
present the risk of significant artifacts in the
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photometry (changing collected light as the star shifts  All of these were madavith the telesope de

by fractions of a pixel between images). Hence, f ocused by a bit,h TheresutE WHM =1

spent a fair amount of time learning how to get ausing ISO 100 are shown in Figure4d. The

fairly-consistent ddéocus, to FWHM= -1Dpixels combination of low ISO and d®cus permits the use

(before e-Bayering) on each night, before ating  of a 30 second exposure while keeping the peak pixel

the photometry run. val ue in t he target star’'s
The PSF profile of a staon a tightlyfocused linearity limit of the camera (which for this camera is

image is compared to a d®cused well-sampled about 3500 ADU).

image in Figure 3

* TLinearity test #1: peak ADU in starimage vs exposure
for b Per project
2500 (1SO 100, defocus to FWHM=12 pixels) .
m«“ﬁ‘ .
2000 | 8 -
‘g t +Tgt ADUmax
% WComp ADUMax
1500 5 § Chk ADUmax
2
K] ¢ %580
1000 - & 3 =1
% B
Aperture = 22.0 30.0 > Annulus > 45.0 o » . =
. . ¥ B gasx
(Top) Tightly focused star image (not wadhaugh foe . yeath 2%
sampled for photometry o- ! : - - -  Exposure.sec

2515.0 | - Figure 4: Linearity test (peak ADU vs. exposure

duration).
F"g"
I li ke to use the “peak pi
because it is most sensitive to the probleimon
linearity andsaturaion (despite showing a bit wider
BT scatter in the results, that is driven by small pointing
Foils = L0 00xAnnuus> 450 and tracking changes or small seeing changes during
(Bottom) De-focused star image (wedmpled for .the (le&qrnlosurg).l ternat e test, -using ¢
photometry) FWHM = 12 pig&ds%y" ADU in the star imag
Figure 3: PSF lllustration of de-focused star image reference in Figures, confirming that a 30 second
exposure keeps the target star in thedinrange of
) ) the camera.
This defocusing makesr at her “ugly” i mages,
with big bloated st_ars, b_ud(_afocusing to prov_ide o | inearity Test #2; Star image total ADU
well-sampled star imagess important to getting | - within meas. aperture Q_.@*‘
preciseand accuratphotometry. A
It turns out that for the bright targand comp [ [ 2
starof this project, the defocusing also was uséal |
permitting relatively |¢ 2 - * he “wel
focused” i mages, t he tamw”é reckany pore urated
with an exposure of just 8 second$he defocused |, . ° - _—
i mage stayed in the cam & = r a 30
second exposure (which was my goal). e o ] —
50,000 P L =
Lineaity and exposure testsin order to select P .
the exposure to use for the science images, | devote ‘. : " - . - o

a night to making a series of images of the target
field, at different exposure durations and differentFigure 5: Linearity test (integrated ADU vs exposure
ISO settings. duration).
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As things worked out, most photometry runs hado f the measuring aperture, bec
a bit more ddocus than the night of exposure t he wi ngs i s s ma tohtébationt han t he
testing, which amounted to erring on the safe sidefromthe pixels in the wings
lower peak pixel valuegndmore protection against However, all things are not necessarily equél.
saturation. you have a negperfect system (all stars have

identical PSFs, pointing and tracking errors are

Size of theMeasuringAperture The concepof  insignificant) or if you have a very faint target, then
differential, aperture photometry is deceptively* opt igi 2inn ter ms of maxi mum SNR
simple: Pick a measuring aperture size thatight thing to do. Butsuppose that yalsystem has
encompasses the star PSF, and an annulus thstme fielddependent aberration, so that star images
captures the background sky (without any starlight innear the edge are different (broadelitptical?) than
it). Add up theADU counts within the measuring images near the center of the field. Further sappo
aperture(l “ st ar plus sky”), athad theré és sArBeU pomtmgltracdkiadrifi (polar h e
annulus (“sky”™ only) a n dlignment ecrar?), &d tlegbut Target ahdSomp drit  ( on | y ”
ADU counts by subtracting the annulus from the across the fieldand their PSFs changedifferently)
measuring aperturen{th appropriate adjustment if, as the night goes on. If one star’'s PSF bro
as is usual, the sky annulus contains more or fewethen more of its light falls outside of thmeasuring

pixelsthan the star measuring apertur€o thisfor aperture; i f the otheit star’'s P
both the Target and the Comp stafhe intensity will appeara s i f t hed “skhracdadheans gr own
ratio of the Target and the Comp stathen fainter, simplybecausemore of its light falls outside
of the meauring aperture.
Such a situation i sn’t unus
O B o Gn0O"Y telescope baclard setups- stars in the center of the
O B6éammoTy i mage are “tighter”™ than those
focus and tracking might change over a deour
so the magnitude difference is observing run On this particular project, | very
nearly fell into thigrap.
O On several ni,d bawsiusugh hot omet r
0 0 C®Zaé %— trends, at the 0.05 mag level, bt t wasn't

immediately obviouswhat was happening. One
particular night provided the essential cluedT
i 2018020 6 . Here's the scenario:

There are at leashriee approacheso selecting 55 several degrees off, so that the stars drifted
the size _of the measuring apertu‘ce photometry. acros the field going northward), moving roughly
One is to s edbgerough o collebly paf ¢ $he field in 2 hours. Then | -@med the
almostall of the star PSF, but not so big that 100 g|escope (to bring the target back to near the center
much .sky glow |$9llec_ted. This works sm_ﬂp”smgly of the FOV), took one set of images to check the
well in many situations, despite being poorly h,inting then resimed again to move the target star
characteri zedamdstad w omu cthhgiit 8§ kndfthe center of the FOV.
PSF?how much is “t®o much” $Ky GOl ®Wometric reduction of
A second approach is to examine the shape angh,yn, in Figures. Obviously, the jump in brightness
size of the PSF, and select a meawg aperture that ¢ coincides with raiming the telescope is an
encompasses =100% of thefiSGra rredl Shangeifliheidr. BuflitGaisds e Nt

wings t h_at_ surr ound_ t hn‘?ponme{"dt” &ﬁ@gt i R ge sl % ples geraasdyu

to show that in most situations, this approach yields @,er the course of the night real, r it also an
lower SNR than might otherwise be achievedy ; { | fTpe facethat the check star brightness is
(be_causg the large measuring rape is collecting 50 changing suggests thahese changes in
qwteab-lt of sky glow gnd dankmse).- . brightness are artifacts, but the check sfHIP

A third approach is to try to pick a measuring 50730) is identified as a RStype variable in the
aperture that will maximize the Sigr@-Noise ratio  AavSO VSX, soit is just barely conceivable that the

(SNR). This may soundlike a good thing: all other go\ prightness trend in the check star is real
factors being equal, better SNRalwvaysdesirable. although the “jump-amedhen the t

I n typical situations, szt'b%nartifaR:tPt'm“m" measuring
aperture size is one that captures about 90% of the

starlight (leaving about 10% of the starlight outside
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2458155.6 2458155.7 2458155.7 2458155.8 2458155.8 2458155.9 defocused images PSFS are more ||ke a—hmip

' which would significantly alter the size of eh

a5 Sra—— optimum measuring aperture (although does not, in
stars drifting northward itself alter the general concept). Secendnd more

stars drifti . .
o Criting northwarg importantly — the size and shape of théefocused

PSF changes a bit across the field of view (and also,

Re-aim telescope:

v put target at center of FOV v occasionally over time, probably because gitgv
, puttargetsouth of center o e and/or temperaturechangesshift the bcal plane
position slightly). 1 t i sn’'t surprising
65 size/shape of the PSF may be different at different
points in the FOV. Piotrowski et al (2013) discuss
! the implications of fieleddependent aberrationsno
A . photometry and ways to correct for them.
Figure 6: Lightcurve from UT 2018-02-06 (using 15pixel . c£Xxamples of the “curve of
radius measuring aperture) integral of the PSF as a function of measuring

aperture size) for two stars on the same image are
shown in Figure7. In this example, the Comp star
What is going on? | first suspected that there PSF s “ b r datdrget star RSK, amthet15
might bea problem with the flat framesr with the  pixel radius measuring aperture contains significantly
flat-subtraction  algorithm. | made several smaller fraction of the Comp star light than it does of
evaluationsof the flat frames, includingaking a the Target star light. This makes the target star
whole newset of flats, without identifying any issues. appear brighter than it really is.
| repeated the photometric reduction with and without
flats, and the curves were essentiadlgntical | ran S comp star
the photometry in Maxim DL instead of AIP4Win, O | rarts | mages | Aporiars | S | gt | Eveos
and saw the same effect. So whatever was goiNg Ol|| -APERTURE = b Per apertures. uuTA
it wasn’t a pr ool with thewi || [150 seue s
photometry algorithm ig I;T:T
Suspect #2 was darks, bafter examining the Tea "
dark frames,and rerunning photometry with and eTes [
without darks, the effect never weatvay or even

6107 .
Aperture: 15.0 Inner 300

Changed noticeab|y_ Recal. savess. | Cear | [IC Puoiie @ [Cuve of Growt | (" SNR
Suspect #3 washat something in the images

themselveswas involved— perhaps clouds oOr hot |o:Magnitude Messurement Tool 240 Target star ==

pixels, or something to do with the -8ayering Obsever | Instrments | Images | Apetwe | Sts | Repot | Execule

algorithm. The FOV is aboi5 degrees wide, and || | ATATURE =» Per apertures MEIR

on partlycloudy nights | could see the cloedge ?f:“:ﬂm

moving across the field over thewse of afew 0 Outer Areus Mag

minutes, but the drop in instrumental magnitude wag  [17% zeofan

obvious and those changes never coincided with rg| [#+71 [ =00z o -

aiming of the telescope, so it was hard to implicate Apetae: 150 Incer. 00

atmospheric effects _Recal | Saveas. | Ciear | [IC Puofie @ [Curve of Growlh || SNR
Visual examination of the images before, during

and after reaiming dd n ' t show any not eworthy

issues. Figure7: Comp star PSF (toward edge of FOV) is
Finally, | thought more carefully about the noticeably wider than Target PSF (near center of FOV)

interplay between star images and the measuring

aperture. Recall that | decusedeach night, to a

FWHM of about 1214 pixels. | had selected a

measuring aperture radius of 15 pixels a rough

If the target star PSF and the Comp star PSF
change in different ways or by different amounts,
L2 ! S then differential photometry will observe a fictitious
approximation to the size that would maximize SNR | . ) :

However, that decision came with two bad effects. brightness change in the tatg If the size of thg PSF
of one S{Argrwy, |:Ehen acstljlgrr?tlé/ Iearger fraction of

First, the classiptis usuly IIig 'tafis” outside of the measuring aperture. |If the
based on the assumption of a Gaussisape PSF (or Hetails of the star drift across the image resulain

something similar). But defocused PSFs are not eveSIi htly larger fraction o f target Sstar” |
approximately Gaussian. Indeed, some of my ghtly farg 9
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outside of the measuring aperture, while a slightly The moral of this story (for me, anyway) is: Itis

lesserfractiono f “comp star | i ghbetter tbadd s iowuttshale dof eict § on of

aperture, then it appears as if the target got fainter .measuring aperture thdraving one that itoo small.

and vice versa. This amounts totsr i vi ng to “maxi mize r
The message seemed (to me) to be clear: useamainst aberrationis r at her t han “maxi mi ze

larger measuring apertureonet hat captures =100%

of the PSF plus a little to spare, so that the DSLR Time Welty et al (2013)reportedthat
photometry will be insensitive to fieldependent DSLR camera internal clocks may not be stable over
aberrations and timdependent aberrations, and will long time periods, showing pycal drift rates of up to
accommodate the PSF shape of a significantlyoput a few seconds per day. | made habit of setting the
focus star. Increasing the measog aperturefrom camerac |l ock t o USNO’s web ti me se
15 pixelsto 22 pixels (radiug made theartifact on  each evening just before the start of imaging, and
photometry completely disappear! A&-pixel radius checking the came#time against USNO the
measuring aperturensuredthat essentially 100% of following morning. There was abys a small
each star’'s | ithg thangew mn SFc differenees with the camera running a bit fasbn
width (and shape) were always completely containedverage about 2 sec per day.

within the measuring aperture, and hence there were This is acceptable accuracy for this project, but
no spurious differences in collected light between thanight not be for some projects. It certainly implies

target (or check) and comp stars. that the camera’s c¢clock should
The simple change to a 2dixel radius after each observing run. (This old Canon EOS
measting aperture resulted in a clean lightcurve,andRe bel does not have a GPS | ink.

eliminated evidence of the spurious shift associatednight improve the clocistability of newer models).
with re-aiming the telescope, as shown in Figdre

Softwareand Processing Photometry was done
using the “TG” (Green) pi xel s

21[-3155 6 24581557 2458155.7 24581558 2458155.8 2458155.9 reasonable meh tO V_band

Image processing, eRayering, and aperture
as photometry were all done with AIP4Win software,
with its “MMT” (Magnitude Measu
conveniently performs photometric analysis on a
large set of images.

5

. AIPAWin will output the resu#t in several
6 di fferent formats. The “AAVSC
directly upl oaded t o AAVSO’ s
o8 However, I always ran the “Raw

also, because it includes the peak ADU count for

each star (Target, Comp, Check) on each image.

75 This is a handy check to be sure that no images with

Figure 8: Lightcurve from UT 2018-02-06 (same as  Saturated stars are used for photomettyalso easily

Figure 6), but using 22 pixel radius measuring aperture. identified times when clouds or contrails passed
through the image, so that affected images could be
dropped from the photometry.

This effect can be insidious, and it may not be Because my imagingequence created a wealth
straightforward to recognize it. The only reason thaiof data point (several hundred each night), | exported
| double and triplechecked all of this wabecause the AAVSO report into Excel, and did two processes
the image drift (caused by my relatively poor polarin Excel. First, there were almost always some time
alignment) made t he the' | jHgmals whefe thih Wlouds dbscufedithe stars. Those
photometry. If the polar alignment had been perfecttime intervals ee easily recognized by plotting Comp
then | wouldn’t have s ea@d Chéck etar mytrainiedtal imaghifuded ¥sMime. i N
differential photometry when | raimed the telescope Intervals where the instrumental magnitudes were
during a night. But there would still have been a reahoticeably faint were eliminated from the data set.
risk of small nightto-night difference that would Second, the data was grouped into sets of 9
have translated into spurious nigbtnight  consecutive images, anthe 9point average was
photometry shifts, which would have been muchcalculated (time, target standard magnitude, comp
more difficult torecognize and check instrumental magnitudes, air mass). This
9-point average Yyields a noticeable reduction in

7
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random “noise” in the phatometony r & morbtr-P)gshdearlg seac¢ k0.
group of 9 images, | also callated the time span visible, as shown in Figure 10. The scatter amounts

(from first to ninth image), and if it was longer than to about £0.02 mag over 9 nights, which seems quite

15 minutes, | simply dropped that group from thegood.

report (e.g. when the 9 images spanned an interval of

poor Sky transparency) e 0 01 02 03 0.4 05 [ 07 08 u‘5 1
The censored,-point averages were reported to phased lightcurve in TG band orbital phass
AAVSO. 452 (before start of eclipse)
454 Q‘ ‘~ N
Results . 8 . e A
4.56 *
$ é”
| was please — and a bit surprised- by the g ‘gy .
quality of photometry that was achieved with a small % & ”
telescopealow-end DSLR and a primitive setup 4 . .

Censoring of data was done only to deal with| **
poor sky transparency, and obvioufliswed images wor
(poor tracking or saturated images caused b
temperaturénduced focus shift). Figur@ (above)  Figure 10: Phased lightcurve of ellipsoidal variation of b
shows a singlmight run, spanning almost 5 hours Per
and built upfrom roughly 400 images, each a-8€c
exposure. This was a perfectly clear night. On other
nights, when variable sky transparency was seen tReferences
be affecting the photometric results, periods of poor
transparency were deleted from the data. Conti, D. a n &Exoplanet Absersiags o n :

The complete resrd of my observations is FromArtto Science , -804 BProceedings (2017)
plotted in Figure.

b Per magnitude

“

. Mann, et al* Gr o-Based Submillimagnitude CCD
T | R Photometry of Bright Stars Using Snapshot
Observati ons123:1273R289, P 2011
‘ ' $ November

F. M a @ptimum Aperture Radius for a Gaussian
Profile”, 10/8/2008
http://wise2.ipac.caltech.edu/staff/fmasci/GaussApRa

dius.pdf

*,

b Per Lightcurve
in TG band

b Per magnitude
(TG band, not transformed)

5 SEBEDS G SHS S0EONS

Piotrowski e tPSFantodelling for very widéeld
CCD astronomy Astronomy & Astrophysic$2013)
i Stefanssone t  @dwards Spacéike Photometric
Precision From he Ground With Bear$haping
Figure 9: 10-night lightcurve of b Per Diffusers’ ApJ(2017) preprint:arXiv:1710.01790v1

Wel ty, et al: “Ilnstruments a
The nightly variations reflect the ellipsoidal ¢ | o c Jowsrrial, of Glaciology, Vol. 59, No. 214,
variation, and the strongonsistentall in brightness 2013
on the final night marks the beginning of ttrerd-
stareclipse Alas, the next two weeks were cloudy at
my location, so the start tfie eclipse marked the end
of my observations. Happily, quite a few other
people scattered around the world were able to
continue observing throughout the duration of the
third-star eclipse.
The 9pointaveraged data had quite good
precision and internal consistency. Taking the “out
of-eclipse nights, and phasing the photometry to the
1.5273643hr period of the inner pair, the ellipsoidal
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