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Abstract The AAVSO Futures meeting, held in Madison, WI, in May 2001,
proposed that the AAVSO support near-infrared research with small telescopes. A
photometer, the SSP-4, has been developed to prinadeH-band capability for
areasonable cost. However, proper calibrated photometry requires a set of standard
stars. This paper describes such a set of stars, suitable for small telescopes, and with
accurate coordinates, proper motions, and high-quality magnitudes.

1. Introduction

Amateur astronomical photometry has been almost exclusively confined to the
visible window between 300 and 1000 nm. However, modern technology offers the
potential of extending the wavelengths available to small telescopes. In particular,
the near-IR bandpass@$iK, can be observed from the ground with quite simple
systems. Before describing such a new photometric instrument, some photometric
background is useful.

Inthe 1960’s, Harold Johnson and collaborators used the 1P21 photomultiplier
to acquire precision photometry of many objects. He devised a three-filter setup: one
(V) matched the visual response of the human eye, and so its measures could extend
the existing database of visual observations; Bjenatched the response of most
photographic plates, offering the potential of calibrating existing plates and
providing increased measurement accuracy of objects; andpoerftered on the
Balmer jump, offering new astrophysics. This 3-filter set was quickly adopted by
other observatories, especially since Johnson and Harris (1954) provided a list of
108 Standard Stars so that calibration was possible.

Later detector development, especially the RCA 31034A photomultiplier tube,
extended the red response, and new filters were devised to utilize this new
wavelength regime. Johnson created two new filRasidl, but other astronomers
were now observing with photomultipliers and devised their own filters as well. The
red systemthatbecame accepted was the Cqiaid (calledR and! ), primarily
because of the seminal work by Cousins and by Landolt in creating lists of high-
quality standard stars for the new system. The Johnson/Colaigl _ photometric
system has been the accepted standard wide-bandpass filter system for several
decades, even after the advent of new detectors such as the CCD.

The situation in the infrared world is far more uncertain. The original detectors
(such as lead sulfide photocells) were very insensitive. The atmosphere has
“windows” in the infrared; to use these windows to get the largest flux per object,
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filters were used that had wider bandwidth than the window. Such filters were first
developed by Johnson, and had names sutfia&micron)K (2.2 micron)L (3.5
micron), and so on, centered on the known atmospheric windows. Later another
window at 1.6 microns was discovered, and a fil®icfeated to cover that window.
Quality photometry was not key, since the primary reason for observing in the
infrared was to get crude star colors.

Observatories around the world devised their own infrared systems. There were
a multitude of infrared-sensitive detectors (PbS, PtSi, HgCdTe, InSb, etc.) and few
good sources of filters. With no concensus of detectors and filters, the only common
elements were the atmospheric windows themselves. As sensitivity increased,
observers started to narrow the bandpasses so that changes in the atmosphere had
less influence on the photometry, in other words, trying to make the photometry
filter-defined rather than atmosphere- or detector-defined. However, even here
differences arose. For example, in khbandpass, if you use only the blue part of
the atmospheric window, you decrease the background by a factor of two since the
glowing atmosphere starts becoming important on the red side of the window.
Likewise, if you use only the red part of the window, you match a methane absorption
feature, meaning images of the outer planets can suppress the planet, enhancing the
contrast of cloud features, planetary rings, inner satellites, etc.

Therefore, three main groups formed, each with slightly different filter sets. Each
of these groups then developed their own standard star lists, sometimes never
publishing them. Infrared photometry in the literature can be quoted with good
precision, but you need to know which system was used for the measures before
you can intercompare datasets. However, the one bandpass in common between the
groups i, so as long as a measure is taken through a stakditet from one
of these groups, it is very similar to any other group.

The South African Astronomical Observatory (SAAQ) system was defined by
Glass (1974), with standard stars given in Carter (1990) and Carter and Meadows
(1995). The AAO, MSO, and MSSSO systems are derivatives of the SAAO system.
This system has a bluer central wavelength fod ffileer than the ones described
below.

The Caltech/Tololo (CIT) system was first defined by Fregal.(1978) and
extended by Eliast al. (1982, 1983). The United Kingdom Infra-Red Telescope
(UKIRT) adopted this system and extended it to fainter stars (Hawetrde2001).

This system has the reddésiter; it almost completely avoids the,@ band near

1.12 microns as described later. This system was adopted for the HST NICMOS
instrument; the standard stars were extended bydtiah{1998) for its calibration.

This system was also adopted for 2MASS (Perstain1998), though 2MASS uses
aK_(K-short) filter that avoids a CO-band feature inthe red, which will systematically
offsetK, from K for some types of stars.

The third system is from the European Southern Observatory (ESO), defined by
Wamsteker (1981) and Engelsal.(1981) and extended by Bouclegal.(1991).

This system has the bludsffilter.
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Koorneef (1983) tried to homogenize the various systems, creating a standard
star list that was heavily used. This homogenized system was basically on the
Johnson system fdrandK, and on the SAAO system fbi.

The current push is to extend these systems to fainter magnitudes as support
for the larger telescopes. A secondary push has been to improve the quality of the
photometry. The concept here is to narrow the filters even more to avoid as much
of the HO absorption as possible. A consortium of large observatories has been
formed, and have defined a new filter set (Simons and Tokunaga 2002, Tokunaga
et al.2002). Called the Mauna Kea Observatories (MKO) system, it represents a
compromise between the competing factors of throughput and photometric
performance, and has been endorsed by the 1AU.

A plot showing the atmospheric windows and how the MKO filters fit within
those windows is shown in Figure 1.

Before we discuss the selection of standard stars, we should first describe a new
instrument that can be used by AAVSO members: the Optec SSP-4 solid state near-
IR photometer.

2. The Optec SSP-4

The AAVSO entered into an agreement with Jerry Persha of Optec, Inc. to
develop an infrared-capable single-channel photometer system. After extensive
research, it was decided that the communications industry Hammamatsu G5852
InGaAs PIN photodiode gave the most value. The spectral response curve for this
diode is given in Figure 2. Itis sensitive from 1.0-2.1 microns, peaking at about 1.9
microns, which means the diode works reasonably wk jaite well aH, and could
be used for a narrow-band filterka{similar toK ).

The basic layout of the SSP-4 is shown in Figure 3; it borrows much of its
structure from the older SSP-3. A photograph of the prototype unit is shown in
Figure 4. This photometer is compact and light, and can be handled easily by just
about any amateur telescope.

The initial filter complement ig andH, manufactured by Spectro-Films.
Bandpass fatis 1.250microns (0.2micron fwhm); faris 1.650microns (0.3micron
fwhm). These are very similar to the MKO bandpasses.

Preliminary tests with the prototype unit suggestdraH = 6.0mag is within
range of most amateur telescopes and sites.

3. AAVSO standard stars

As mentioned earlier, there are a varietyldK systems. We have to decide
which system to use for the SSP-4.

Since the filters come closest to matching the MKO system, and since the MKO
system is similar to the CIT system, it makes sense to use the brighter CIT
fundamental standards as the best choice for standard stars. There are no MKO
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standards available right now, and most professionals using the MKO filters cannot
work bright enough to support the amateur/small college using an SSP-4.

In Table 1 are 53 primary standards for the AAVSO. These are mostly from the
UKIRT bright standards list (see Joint Astronomy Centre in references), but there
are afew additional stars from Eligtal.(1982) and also from a careful calibration
by Vrba, Joyce, and Strom (1981) at KPNO in the 1970’s. The Vrbal list overlapped
withthe UKIRT list; those overlapping stars have agreement within 0.01magnitude,
so both lists are on the same basic system. The stars in Table 1 should be good
enough for ground-based single-channel all-sky calibration. As we observe these
stars, we can possibly refine their magnitudes for the specific filter set in the SSP-4,
or link into the fainter MKO standards when they become available.

Table 1 includes accurate coordinates, as well as proper motions, for all stars.
The coordinate epoch and equinox are both 2000.0. Note that these are all bright
stars, and bright stars tend to be preferentially nearby and therefore high proper
motion objects. Be sure to make proper motion corrections if needed.

4. Observinginthe near-IR

If you look at Figure 1, you can see that the atmospheric windows are not
perfectly transparent. This is particularly true at sea level, where high water vapor
contentwill contaminate the passbands. Working in the infrared is much like looking
through light cirrus; only under rare conditions do you get results that are similar
to optical photometric skies. As the water vapor content changes nightly, and
sometimes even within a night, the effective bandpass also changes and
transformation coefficients are not stable. In general, you should expect 0.05mag all-
sky accuracy per night under good observing conditions.

The moonless sky background will be highed andH than it is aBVRL At
H, there is considerable airglow, so the sky is actually brightertaan atJ.
However, scattering is a strong function of wavelength, so obsendagdt with
a moonlit sky is no different than without the moon. You can work within a few
degrees of the moon, only limited by scattering within your telescope and your
ability to find the program object. Likewise, you will not see much (if any!) sky
background due to urban lights; your city lot is just as good as a dark mountaintop.

Extinction coefficients are small, typically 0.10mag/airmassatd 0.06mag/
airmass aH. Since the sky is constantly changing, it is usually simpler to find
standard stars at the same airmass and calibrate fields without making a separate
extinction calculation.

Since conditions are constantly changing, you should not stay on an object for
long periods of time before moving to the comparison star, even under what appears
to be photometric conditions. The usual procedure is to use the pattern
SCSPSCSPSCS, where S = sky, P = program object, and C = comp star. This pattern
brackets each star measure with sky measures, and further brackets the program
object with comparison star measures.
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You will be working with bright stars, so they will be easy to see on your flip
mirror/reticle viewer. Thisis not always the case inthe near-IR; we are often looking
at highly obscured objects and have to blind-offset to find them. For these objects,
you can sometimes find them by moving the telescope slowly and seeing where the
peak signal occurs.

5. Acknowledgement

The data from Vrba, Joyce, and Strom have been kindly given to me for inclusion
in this paper.
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Table 1. The AAVSO near-IR primary standards.

HD RA (2000) Dec pmra pmdec Sp.Cl. \% J H K L L' note
mas/yr mas/yr

358 0(108"2326 +29°05'25'6 135.68 -162.95 B8V 206 230 233 236 239 — 3
1013 00 14 36.16 +20 124.1 90.66 188 M2l 482 163 081 063 045 — 3
6860 01 09 3.92 +35 37 14.0 17559 -112.23 MOl 206 -092 -173 -187 -201 -202 1
12929 02 07 @41 +23 27 44.7 190.73 -145.77 K21l 200 009 052 -063 -074 — 3
14818 02 25 @.03 +56 36 354 -0.39 -065 B2lae 625 558 543 533 532 530 1
15318 02 28 9.54 +08 27 36.2 4172 -1446 Bl 428 441 442 443 443 441 1
20902 03 24 9.37 +49 51 40.2 2411 -2601 F5I 182 087 062 056 047 — 3
23288 03 44 822 +24 17 221 2073 4400 B7V 546 552 550 551 564 — 1
20139 04 35 524 +16 30 335 62.78 -189.35  KA5llI 085 -18 -264 -280 -298 -293 1
30836 04 51 2.36 +05 36 184 -3.62 103 B2l 369 404 409 414 415 416 1
31398 04 56 9.62 +33 09 579 3.63 -1854  Kali 269 021 051 -066 08 — 3
34085 05 14 327 -08 12 059 1.87 -056 B8lae 012 023 022 021 015 008 1
34029 05 1641.36 +45 5952.8 7552 42711 G4l 008 -134 -1.73 -181 -187 -187 1
37763 05 31 83.02 -76 20 27.5 143.19 28774 K2l 517 328 276 266 258 — 2
48915 06 45 8.92 -16 42 58.0 -546.05 -1223.14 A1V -146 -1.30 -132 -132 -135 -137 1
60178 07 34 8386 +31 53 17.8 -206.33 -148.18 A2V 159 155 154 153 151 — 3
61421 07 39 812 +05 13 30.0 -716.58 -1034.60 F5IV 034 -041 061 -065 068 — 3
62509 07 45 895 +28 01 34.3 -625.69 -4596 Kolllb 114 -051 -099 -111 -115 -119 1
69267 08 16 B.92 +09 11 08.0 -46.80 -48.65 K4l 354 105 030 016 001 — 3
84999 09 50 8.36 +59 02 194 -290444  -151.75 F2V 380 314 302 299 297 293 1
85444 09 51 269 -14 50 47.8 1868 2183 Gl 412 261 212 204 — — 1
87901 10 08 231 +11 58 01.9 -249.40 491 BwWV 13 157 158 161 161 — 3

(Table 1 continued on following pages)
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Table 1. The AAVSO near-IR primary standards, continued. %
HD RA (2000) Dec pmra pmdec Sp.Cl. \% J H K L L' note §
mas/yr mas/yr >
89484 10 195843 +19 50 285 2949 -154.0 K1l 261 010 -050 -058 -075 — 3 S
89758 10 2219.74 +41 29 58.3 80.47 3410 Mol 305 012 -068 -082 -094 -100 1 >
102647 11 490358 +14 34 194 499.02 -113.78 A3V 214 202 199198 — — 1 5
103095 11 5258.77 +37 43 07.24003.69 581464 G8p 645 487 446 438 434 — 2 o
107259 12 1954.36 -00 40 005 -59.14 2313 A2V 38 379 378 377 377 377 1 é
113415 13 0346.12 -20 35 00.6 142.13 514 FV 558 460 428426 — — 1 5
114710 13 1152.39 +27 52 41.5 801.95 88268 GOV 426 319 292 283 287 287 1 ®
121370 13 5441.08 +18 23 51.8 60.95 -358.10 GOV 268 171 141 137 133 — 3 fﬁ
124897 14 1539.67 +19 10 56.7-109343 -199943 K1l  -004 -221 -290 -299 -310 -308 1 N
128167 14 3440.82 429 44 425 188.32 13272 RV 446 370 351 349 347 347 1 Q
135742 15 170041 -09 22 585 96.39 -20.76 B8V 261 276 279 280 284 28 1
147165 16 2111.32 -25 35 34.1 -10.03 -1803 B2l 289 249 244 242 242 241 1
147394 16 1944.44 +46 18 48.1 -13.15 39.31 BSV 389 420 427 430 — 43 1
148513 16 2833.98 +00 39 540 6.97 6795 Kd4llp 539 283 216 202 187 — 1
148786 16 3108.37 -16 36 458 44.57 -38.04 aall 428 276 232 226 218 220 1
156014 17 1438.88 +14 23 25.0 -7.0 31.0 M5Ib 348 -229 -314 -337 -371 370 1
161096 17 4328.35 +04 34 02.3 -40.67 15880 K2l 277 09 040 021 015 — 1
164136 17 5830.15 +30 11 21.4 048 323 F2 441 346 325 321 315 317 1
172167 18 3656.34 +38 47 01.3 201.03 28747 A0V 003 000 000 000 000 000 1
175190 18 5507.14 -22 40 16.8 110.34 -30.79  Kall 499 273 210 202 191 — 1
186791 19 4615.58 +10 36 47.7 1572 -308 Kal 272 032 -038-055 — — 1
188947 19 5618.37 +35 05 00.3 34.00 2760 KOl 389 216 170 163 152 154 1

(Table 1 continued on following page)
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Table 1. The AAVSO near-IR primary standards, continued.

HD RA (2000) Dec pmra pmdec  Sp.Cl \% J H K L L' note
mas/yr mas/yr

197345 20 412591 +45 16 492 156 155 A2lae 125 099 091 089 080 — 3
197989 20 4612.68 +33 58 12.9 356.17 33028 Ko 250 073 019 010 002 — 3
202850 21 172495 +39 23 409 043 -361 B9l 423 387 383 380 373 372 1
203387 21 2214.80 -16 50 044 (@383 526 Ga8ll 428 284 238 224 — 218 1
212593 22 243099 +49 28 35.0 -5.12 -3.37 B9l 457 430 427 425 423 422 1
212943 22 275152 +04 41 444 7129 -307.35 KOl 479 293 237 230 222 221 1
216956 22 5739.05 -29 37 20.1 329.22 -164.21 A3V 116 104 103 100 100 096 1
217906 23 0346.46 +28 04 58.0 187.76 137.61 M2l 242 -119 -205 -222 -239 -238 1
218045 23 0445.65 +15 12 19.0 B®10 -4256 BV 249 252 252 252 250 — 3

1 UKIRT bright standard http://www.jach.hawaii.edu/JACpublic/UKIRT/astronomy/calib/bright_stds.html
2 Elias, et al, 1982 Astron. J, 87, 1029
3 Vrba, Joyce, and Strom 1981, private communication
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Figure 1. Atmospheric transmission from 1000 to 5500nm. Solid line is atmospheric
transmission; dotted line is the filter response curves for the MKO filter system.
From Tokunagat al. (2002).Copyright 2002, The Astronomical Society of the
Pacific, reproduced with permission.
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Figure 2. Spectral response curve for the Hammamatsu G5852 InGaAs PIN
photodiode. Courtesy Hammamatsu Corporation.
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Figure 3. Cross-sectional view of the SSEdurtesy of Optec Corp.

Figure 4. SSP-4 Solid-State Infrared Photometer shown with TCF-S Focuser.
Courtesy of Optec Corp.



