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Detailed description of the original pointing software used for spectral observations of the lunar exosphere is given.
The software allows to point the spectrograph of 2-m telescope of Terskol Observatory inside and outside the lunar

disk with accuracy of about 2". Observations of Na lines in the exosphere of the Moon on January 8 and October 7,
2017, do not reveal quick variability of Na lines at time scales of about 20 minutes. On January 8, 2017, the intensity
of Na lines above the south pole of the Moon was stronger than that above the north pole of the Moon.
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1.INTRODUCTION

Lunar exosphere is a weak extended object which is not observed in the continuum, but reveals an
emission in lines of species as Na, K, Li, Ba, Ca, Mn, Ti, etc. Earth-based observations of the lunar exosphere
make use different techniques including coronographic imaging [3, 5], Fabry-Pérot spectroscopy [7, 8], and
slit spectroscopy [1, 10, 12]. The last is more suitable for simultaneously measuring lines of several species
in wide spectral range. A slit in such observations has a size of about several arcseconds and can be
pointed as close to the lunar limb as its size, orientation, and light scattering from the lunar disk allow.
The intensity gradient for some lines can be high in the neighborhood of lunar limb, hence the accuracy of
telescope pointing is very important in this case. However, some telescopes have an unsatisfied accuracy of
automatic pointing. Moreover, a standard automatic guide can work only with stars, but the Moon moves
unevenly with respect to stars. Thus, a “lunar” telescope guidance on two axes should be used as well as
a manual guide for corrections. This also requires a manual correction when pointing to objects inside and
outside the lunar disk. Star-like objects and nebulas allow such a correction by visual alignment of the slit
center to a point of maximum brightness. But the lunar exosphere and most lunar-surface features are too
homogenous for such a visual correction. The idea of this work is to use the CCD image of lunar disk
from a guide of telescope for the accurate movement of the telescope from a lunar surface feature to the
point in the exosphere with specified position angle and distance from the limb. We developed an auxiliary
software moon_points to help an observer in such an operation as applied to 2-m Zeiss telescope of Terskol
Observatory (International Center for Astronomical, Medical and Ecological Research (IC AMER) of the
National Academy of Sciences of Ukraine and Terskol branch of Institute of Astronomy of Russian Academy
of Sciences, Kabardino-Balkaria, Russia) equipped by Multi Mode Cassegrain Spectrograph (MMCS). At the
same time, we present the results of the first observations with the software as well as without it to compare
them.

2.ALGORITHM AND SOFTWARE

The manual guide of 2-m telescope at Terskol Observatory is equipped by CCD camera with resolution
of 2.3"” and field of 29’ x 19’ (765 x 510 px). This allows to point the telescope to any object inside or outside
the lunar disk with accuracy of about 2” using the guide CCD images of the lunar disk. To do this, we need
a following information:

1) the coordinates of the slit xg, ys (px) in a guide CCD image, i.e. pixel coordinates of the point where

the center of spectrograph slit is pointing;

2) the coordinates of the lunar disk’s center xpy, ym (px);

3) the radius of the lunar disk Ry (px);
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4) the position angle Ppy (deg) of the Moon with respect to the vertical Y axis.

Using this information, we can calculate an offset Ax, Ay (px) with respect to the current position for
pointing the spectrograph to any specified object as described below. To move the telescope according to
this offset, we propose to use a control point at the lunar disk, e.g. any small contrast crater which can
be positioned with accuracy of about 1 px (2.3"”). Thus, coordinates of the control point x., y. (px) should
be measured in addition to the information listed above. Then, the observer should move the telescope so
that the control point has pixel coordinates x. — Ax, y. — Ay. As a result, the spectrograph is pointed to the
specified object.

We present here the software (Python script) for automation of this process. The script automatically
calculates xy, ym, R analyzing a guide image of the Moon. The position angle P,y is also obtained from two
Moon’s images with a mutual offset in specified direction (see the description below). To use the software,
the observer should follow the algorithm:

1. Set the stellar telescope guidance. Point the spectrograph slit to any star near of the Moon (because
coordinates of the slit depend on the telescope orientation). Write the pixel coordinates of the star in a guide
image xg,ys (counted from the top-left corner) with accuracy of 1 px into the text file slit.dat (separated by
whitespace).

2. Set the lunar telescope guidance according to the current movement of the Moon. Point the guide to
the Moon and save two frames as FITS files (Moon0.fit and Moon.fit). The Moon should be visible with the
most part of the limb (not the terminator) in both frames. Offset of Moon’s position between two frames
should be about 200 px along only one axis (right ascension or declination). Such an offset is enough for
accurate determining the position angle of the Moon, while the larger part of lunar disk still fits in both
frames and allows a good image co-registration.

3. Find a small contrast crater (the control point) in the image Moon.fit and write its coordinates x., y.
with accuracy of 1 px to the text file crater.dat (separated by whitespace).

4. Place all files into folder data which is located in the folder of the script moon_points.py (or
moon_points.exe).

5. Run the program moon_points.py (or moon_points.exe). It outputs a table with results (to the screen
and to file result.dat). The last two columns contain the pixel coordinates where the observer should place
the crater (the control point) x. — Ax;, y. — Ay; for each point of observation (indexed by i). If the coordinates
are outside of the frame, the observer should return to step 3 and select another crater.

6. Acquire a spectrum of the object in the main focus for each i.

7. During the exposure (or before it), the observer can control visually the accuracy of the moon_points’
calculations. The program generates the picture Moon_Points.png simultaneously with the main results
of result.dat. This picture (presented in Fig.1) shows the frame with Moon’s image, a blue circle of
the autodetected limb, and red crosses of the pre-calculated observational points. If the limb is detected
incorrectly, the observer should return to step 2 and select another position of the Moon (with longer part
of the limb) for better limb detection.

Furthermore, the observer should prepare 3 more files in data folder before beginning the observation:
1) ephemeris.dat with the ephemeris of the Moon on observation dates with step 1" (with quantities:

Y, pixels

100 200 300 400 500 600 700 800
X, pixels
Fig. 1. A guide image of the Moon (October 7, 2017, 18:57 UT). Blue circle is an autodetected limb. Red crosses are
points of observation in the exosphere and in Mare Serenitatis. Coordinates are counted from the top-left corner of CCD
image (outside of the figure).
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“target angular diameter”, “observer sub-lon & sub-lat”, “north pole position angle & distance”). The
file can be obtained from JPL Horizons Ephemeris System [4] using a following request (example for
our observation on October 7, 2015):

Ephemeris Type: OBSERVER

Target Body: Moon [Luna] [301]

Observer Location: Terskol [B18] (42°30'02.9”E, 43°16’29.4”N, 3136.2 m)
Time Span: Start=2017-0Oct-04 UT, Stop=2017-Oct-08, Step=1 h

Table Settings: QUANTITIES=13,14,17; angle format=DEG

Display/Output: download/save (plain text file)

2) points_limb.dat with positions of observation points in the lunar exosphere (with respect to the li-
mb). The file contains two columns named as “PA_deg” and “h_arcsec”. Each row corresponds to
one observation point and consists of tab-separated values of the position angle P, (deg) of the poi-
nt counterclockwise from the north pole and height 4; (angular distance) above the limb (arcsec),
respectively;

3) points_moon.dat with coordinates of observation points at the lunar surface (for absolute calibration).
The file contains three columns named as “Lat_deg”, “Lon_deg”, “Elev_km”. Each row corresponds
one observation point and consists of tab-separated values of the selenographic latitude (deg), longitude
(deg), and elevation (km), respectively.

Calculation algorithm. At the first step, the program moon_points converts the selenographic coordi-
nates from points_moon.dat to the parameters P, h; and adds them to the list of points taken from
points_limb.dat. The calculation is performed with taking into account a finite distance from the observer to
the Moon (the “target angular diameter” and “observer’s sub-lon & sub-lat coordinates” from the ephemeris
are used). Note that parameter 4; is negative for lunar-surface points.

The next step is autodetecting the lunar disk (xm,ym,Rm) in the image Moon.fit. The program build
a circle as a result of limb detection. The circle is fitted using the image points with highest gradi-
ent magnitude [2]. We calculate the gradient magnitude using Gaussian derivatives (with the method
ndimage.gaussian_gradientidxmagnitude() of library SciPy). As a result, the coordinates of the circle’s center
and its radius are assigned to xp, ym, and Rp, respectively.

Then images Moon0.fit and Moon.fit are co-registered using the phase correlation method [6] to obtain the
mutual offset Axp, Ayo (px). The method includes the substep of obtaining the coordinates of the point-like
object (after the inverse Fourier transformation). For this substep, we use fitting with a paraboloid function
in 3 x 3 px vicinity near the maximum to achieve a subpixel accuracy. We also assume that direction of
CCD Y axis is close to meridional and the CCD position angle P, is close (though not equal) to zero. Thus,
the program can detect which offset was used by the observer: if Axp > Ayo then the offset is in right

ascension; otherwise it is in declination. And the CCD position angle can be obtained as P. =arctan (%)
0

or P,=—arctan (i—j’) respectively. Consequently, the position angle of the Moon with respect to the ¥ axis
0

can be found as P,y =Py — P, where Py, is the north pole position angle of the Moon from the ephemeris.
At the next step, coordinates of observational points x;,y; are calculated as
Xi = Xm —1; Sin(Pny +P), Yi =Ym —1: c08(Pny +F),

where 7; =Rm+ﬁ is the distance of the point from the Moon’s center (px), s is an image scale (arcsec/px).

Finally, the offset for each point is obtained:
Axi=xi—xs,  Ayi=yi—Ys,
and new coordinates of the control point for each observation point are calculated as was described above:
Xnew = Xc — A)Ci, Ynew =Ye — Ayz

The observer moves the control point to the point with these coordinates and, as a result, the spectrograph
is pointed to i-th observation point.

Source code. We present the Python code of the program moon_points in Supplementary data'. Examples
of all auxiliary files listed above are also added in the same zip-archive. User can simply run the script and
it will perform the calculations for our observation date October 7, 2017, and will produce Fig. 1.

The program is freely distributed as a Python script. In addition, we also use the executable file for
MS Windows (moon_points.exe, not included in the Supplementary data) compiled using Pylnstaller (https://
www.pyinstaller.org/) for the case when an observer does not have the installed Python with the libraries.

We note that the code contains our simple realization of reading images from FITS files [9]. It can be
replaced, for example, by Astropy methods [11] if any problems will arise with FITS files from another
source. The aim of our realization is to minimize a size of the executable file.

Ihttp: //astro.nau.edu.ua/supplementary,/2020_V.16_lss.1/Velikodsky_et_al/moon_points.zip
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3.OBSERVATIONS AND RESULTS

Spectroscopic observations of Nal D1 (5895.9 A) and D2 (5890.0 A) resonance lines in the lunar
exosphere were performed on January 8 and October 7, 2017, using the echelle spectrograph MMCS of
the 2-m telescope of Terskol Observatory. The slit of the spectrograph has a height of 10” and a width of 2”.
The spectral resolution of used spectrograph was A/AX=13,500. The procedure of data analysis is the same
as that described in [1]. For calibration purposes several objects on the Moon were observed on January 8
and October 7, 2017.

Observations on January 8, 2017, were performed soon after the maximum of Quadrantid meteor shower
on January 3, 2017, at the phase of the Moon equal to 0.8 (Table 1). The software moon_points was not used
on January 8, 2017. Telescope pointing was performed manually using an offset from the apparent position
of north and south poles. Accuracy of such pointing did not allow to study dependence on the distance from

Table 1. Summary of observations of the lunar exosphere in Na lines on January 8, 2017

Time of observations, UT Distance from Position angle,
the surface, arcsec degrees

January 8, 2017, 17:28-17:48 30 0

January 8, 2017, 17:49-18:09 30 0

January 8, 2017, 18:10-18:30 30 0

January 8, 2017, 18:31-18:51 30 0

January 8, 2017, 19:17-19:37 30 180

January 8, 2017, 19:39-19:59 30 180

January 8, 2017, 20:00-20:20 30 180

January 8, 2017, 20:21-20:41 30 180

January 8, 2017, 21:07-21:27 30 0

January 8, 2017, 21:28-21:48 30 0

January 8, 2017, 21:49-22:09 30 0

Table 2. Summary of observations of the lunar exosphere in Na lines on October 7, 2017
Time of observations. UT Distance from Position angle, Na D2 line, Na D1 line,
’ the surface, arcsec degrees 107 Berg s7lem™2 | 10 Berg s~'em ™2
October 7, 2017, 20:02-20:22 20 0 3.074+0.09 1.7440.09
October 7, 2017, 20:29-20:49 10 0 3.10+0.11 1.67+0.11
October 7, 2017, 20:50-21:10 30 0 3.274+0.08 1.864+0.08
October 7, 2017, 21:12-21:32 40 0 3.4340.09 2.1840.09
October 7, 2017, 21:35-21:55 50 0 2.974+0.07 1.874+0.07
October 7, 2017, 22:20-22:40 30 30 4.48+0.09 2.9240.09
October 7, 2017, 22:43-23:03 30 60 5.2840.10 3.234+0.10
October 7, 2017, 23:20-23:40 30 300 1.054+0.04 0.714+0.04
October 7, 2017, 23:42 —
October 8, 2017, 0:02 30 330 1.274+0.05 0.76+0.05

— Moon_N+30
—— Moon_S-30 —
— Moon_N+30

2.5

10 erg cm? s A
w [\S]
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| | | ! | [
5888 5890 5892 5894 5896 5898 5900
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Fig. 2. Spectra of the lunar exosphere in the vicinities of Na lines obtained on January 8, 2017. Red lines show spectra
obtained at 30" above the south pole of the Moon while black and blue lines show spectra obtained at 30" above the
north pole of the Moon.
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limb. The distance of 30” in Table 1 is approximate.

Quick variability of Na lines on time scale of about 20 minute (duration of obtaining of each spectrum)
was not detected (see Fig.2). Fluxes in Na lines were stable within about 5% of error of measurements. It is
interesting to note that Na lines were stronger above south pole in comparison with that of north pole (see
Fig.2). It can be explained by higher content of surficial Na in south polar region in comparison with that
in north polar region.

Regions in the lunar exosphere observed on October 7, 2017, are shown on Fig. 1. Spectral observations
of the lunar exosphere on October 7, 2017, were performed at the phase of the Moon of 0.95 before the
maximum of the Draconid meteor shower occurred on October 8, 2017 (Table 2). The software moon_points
was successfully used on October 7, 2017, and allowed to observe the exosphere extremely close to the limb
(10”) as well as to use a minimal step (10”) between points along the radial direction. Moreover, using
moon_points allowed to study the latitude dependence by observations of points with different position angles
near the limb. Absolute calibration by lunar albedo was also more accurate because the moon_points allowed
to point the spectrograph to a desired area in Mare Serenitatis using specified selenographic coordinates.

Observations at the same position angle at different distances above the limb were performed in too
narrow range of distances (10” —50” corresponding to 20 —90 km above the limb). The idea of such
observations was to study cold component of Na atoms thermally desorbed from the surface to the exosphere
and having temperature comparable to surface temperature on the Moon, about 200 K. Such temperature
corresponds to height scale of Na atoms of about 50 km. Such gradient of distribution of Na atoms can be
easy detected during observations at 20 —90 km distances above the limb. However, the cold component of
Na atoms has not been detected during these observations. Moreover, we observed increase of the intensity
of Na lines when distance from the limb was increased from 20” to 40”. Such behavior can be explained by
existence of possible instrumental effects, changes of transparency of the Earth’s atmosphere and/or errors
of absolute calibration.

Observations at different position angles were performed for studies of dependence of the intensity of
Na lines as a function of latitude. Increase of the intensity of Na lines with decreasing of latitude has been
detected during observations at position angles of 0, 30, and 60 degrees. Such results are in agreement
with previous observations of Na in the lunar exosphere [5]. Observations at position angles of 300 and 330
degrees cannot be used for estimated of line-of-sight column densities of Na atoms because at these position
angles a part of the line-of-sight is shadowed by the Moon.

Estimation of line-of-sight column densities of Na atoms with usage of g-factor values as a function of
heliocentric velocity of the Moon as well as zenith column densities as a function of temperature of Na
atoms with usage of Chamberlain model are planned to be performed in a forthcoming publication devoted
to deeper analysis of these observations.

4.CONCLUSIONS

Usage of originally developed pointing software moon_points increased accuracy of pointing to selected
regions in the lunar exosphere and on the surface of the Moon. This software is strongly needed for usage
of the Moon as a calibration source. Using the manual guide and the software like moon_points is the only
way to perform accurate spectral observation of the Moon and its exosphere on 2-m telescope of Terskol
Observatory. Preliminary results of single observations of Na lines in the lunar exosphere on January 8 and
October 7, 2017, are presented. Deeper understanding of properties of Na lunar exosphere as a function
of the level of meteoroid activity requires observations of the exosphere for at least 2-3 nights during the
activity of a studied meteor shower. Impacts of big meteoroids are able to significantly increase the content
of Na atoms in the lunar exosphere and have not been detected during the performed observations.

Acknowledgements. Observations at the 2-m Terskol telescope were performed under the project
“Observations of the lunar atmosphere during lunar eclipses and activity of main meteor showers of the
international program “Astro-cosmic research in the Elbrus region. 2015-2020” of the IC AMER.
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[IpencraBieHo AeTalbHUE ONHUC OPUTiHAJBHOrO MPOTPAMHOr0 3a0e3leUeHHsl HAaBEIEeHHsS TeJsecKoma, siKe BUKOPUCTOBYE-
ThCSl IJIs1 CIIEKTPAJbHUX CIIOCTepeKeHb MicssyHO! ek3ocdepu. [Iporpamue 3abesneueHHst 103BOJsiE HABOAUTH CIIEKTporpacg
2-MeTpoBoro Teseckona obcepBaTtopii Tepckos ik Ha AeTasi BCepeduHi MICSUHOrO AMCKA, TaK | MOPyY 3 HUM 3 TOUHICTIO
6nuspko 2”. TlporpamHe 3abesrnedeHHsi OyJo yCmiwHO BuKopucTaHe 7 »koBTHs 2017 poky Ta 03BOJIMJIO criocTepiraT
eksocepy N0CHTb 6au3bKo 10 Jaim6a Micaus (10”), a Takoxk BUKOPUCTOBYBaTH MiHiMa/ibHH# Kpok (10”) Mix Toukamu
CTOCTepeXKeHHs y paaianbHoMy HampsiMKy. Kpim Toro, BUKOpHCTaHHS MPOrpaMH A03BOJIMJIO BUBUHUTH LIMPOTHY 3aJ€XHICTb
LIJISIXOM CIIOCTEPEXKEHHSI TOYOK 3 PI3HUMH MO3ULIMHMMH KyTaMH y310BXK JiMOy. AGcosoTHe KaniGpyBaHHs 3a MiCSUHUM
anbbeno cTaso TakoX OibLI TOYHHMM, OCKIJIBKH NporpamMa N03BOJIHJA HANpaBJsATH crekTporpad y 6akaHy o6sacTb I10-
BepxHi Micsiusi, BUKODUCTOBYIOUM 3afaHi ceseHorpadiuyHi koopauHaTH. BukopucTaHHS pPydHOro riga Ta MporpaMHOro 3a-
Ge3rneyeHHs], MOAIGHOrO 0 MPeACTABJIEHOTO, € €IMHUM CIOCOOOM TOYHOTO CIIEKTPAJbHOrO crocTepe:keHHss Micsius ta Horo
ex3ocdepu Ha 2-M Teseckomni oo6cepBaTopii Tepckos. ¥ poGOTi NpeAcTaBaeHO KO NPOrpaMH Ta A€TalbHUE OMHUC aJTOPUTMY
11 po6otu. CroctepekenHs JiHil Na B ek3ocdepi Micsins 8 ciuns ta 7 :koBTHs1 2017 poKy He BHUSIBUJIM IIBUAKHUX Bapialiit
aini#i Na B macmrabax uyacy 6ausbko 20 xBusuH. 8 ciuna 2017 poky iHTeHcuBHicTb JiHiH Na Hajg NiBIEHHMM NOJMIOCOM
Micsius 6ysa 6i/blI0t0, HiXK Hal MiBHIYHUM MOJIOCOM.

KuarouoBi cioBa: HaBeneHHs Teseckona; Micsiib; ek3ocdepa; CIEKTPOCKOMist; NporpaMHe 3a0e3nedyeHHsl.
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*HayuHo-HCC/Ie10BATeIbCKMH HHCTHTYT acTPOHOMHH XapbKOBCKOIO HallMOHAJbHOro yHuBepcuTeta uM. B.H. Kapasuna,
61022, r. Xapbkos, yia. Cymckas, 35
3 AcTpoHomuueckuii uHCTHTYT uM. LlITepHGepra MOCKOBCKOrO FOCYNapCTBEHHOTO YHHBEpCHTeTa, Poccus,
119991, r. MockBa, YHuBepcuteTckui mnp., 13

4O6C6pBaTOpI/IH MII AM3U HauuonanbHoit akagemud HayK Ykpauubl, 03143, r. Kues, yn. Akanemuka 3a6osnortHoro, 27

SI/IHCTI/ITyT actpoHoMuu Poccuiickoit akagemun Hayk, Poccus, 119017, r. Mocksa, ya. [1atHuukas, 48
[pencraBieHo nogpoGHOe oMKMCaHHWe OPUTHHAJNBHOTO MPOrPaMMHOr0 0GecreueHns] HaBeleH!s TeJIeCKONa, KOTOPOe HCIOJb-
3yeTcs J/I1S CIIEeKTPaJbHbIX HaOMIONEeHNH NyHHOH 3K30ocdepsl. [IporpaMmHoe o6ecrneyeHre 03BoJsieT HABOAUTb CIIEKTPOrpad
2-MeTpoBOro Teseckona obcepBaTopur Tepckos Kak Ha JeTajd JYHHOrO JUCKa, TaK W PSAOM C JHUCKOM C TOYHOCTBIO I1O-
psanka 2. Habmonenus nunuii Na B sx3ochepe Jlynsl 8 auaps u 7 okta6psi 2017 roma He BHISABUJIM OBICTPBIX BapHalMid
aunauil Na B mMacmra6ax BpemeHu okoso 20 muHYT. 8 sHBaps 2017 rona MHHTEHCHBHOCTb JIMHUH Na Hal 10KHBIM I10JI0COM
JIyHbl Obla 60Jblile, YeM Haj CeBEpHBIM IOJIOCOM.

KiroueBnie cioBa: HaBeneHue Teseckona; JIyHa; sk3ocepa; CeKTPOCKONHS; NPOrpaMMHOe obecredeHHte.
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