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Abstract

Context. Accurate photometric calibration of astronomical photographic plates remains a fundamental challenge in astronomy, especially when bridging historical photographic data with modern observations due to the mismatch of spectral sensitivities of photographic plates and pass bands of modern calibration catalogs.

Aims. We intend to derive consistent natural magnitudes for celestial sources within the intrinsic photometric systems of astronomical photographic plates by using Gaia Data Release 3 (DR3) blue-photometer (BP) and red-photometer (RP) low-resolution spectral data and to show its superiority over former methods.

Methods. We compiled spectral characteristic data for emulsions and filters applied in photometric observations using glass plates. The collected color sensitivities, modified by atmospheric reddening depending on the air mass, were then used to compute accurate natural magnitudes and fluxes of objects in the photographic plates through synthetic photometry, utilizing a catalog of Gaia spectral energy distributions (SEDs) over the 330 nm ≤ λ ≤ 1050 nm range (XP spectra). This process uses GaiaXPy, a Python library designed to handle Gaia DR3 spectral data. These natural magnitudes are then compared with results from the color-term method used to compile the data in existing photoplate archives.

Results. Comparing the synthetic magnitudes with those existing in the Archives of Photographic PLates for Astronomical USE (APPLAUSE), we were able to reveal systematic errors of the existing data in the range of ±0.3 mag and higher. In addition, the presented method allows for an accommodation of stars with similar color index but of different luminosity classes as well as an effective correction of atmospheric reddening at higher air masses (approximately 0.2 mag).
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1 Introduction
Astronomical photographic plates, often referred to simply as plates, have historically been fundamental tools in advancing observational astronomy. Despite the meticulous efforts of traditional astronomers, their recordings suffered from inherent inaccuracies and subjectivities present in handwritten descriptions, drawings, and measurements. However, the advent of plates in the late 19th century revolutionized the field by enabling the capture of objective images of celestial objects, free from the biases and limitations of human perception.
After a few different developments, the glass plate with a dry, light-sensitive emulsion prevailed. Edward Charles Pickering introduced the professional use of photographic plates for scientific applications in astronomy at the Harvard College Observatory (HCO) in 1882. Max Wolf began to exploit the new technique at the Heidelberg Observatory in 1891. Many observatories were soon convinced of the great benefits of astronomical photographic plates as detectors and data storage devices (Schrimpf 2025).
Photographic plates have been used in astronomy for more than a century. With more than 70 different plate collections worldwide, there are estimated to be over eight million of these invaluable resources (Hudec 2019). The HCO houses the world’s largest and oldest astronomical photographic glass plate collection in the northern and southern hemispheres, with more than 550 000 pieces, some dating back 144 years (Grindlay et al. 2009). The scanned collection is available through a virtual library known as Digital Access to a Sky Century at Harvard (DASCH) (Laycock et al. 2010). The Sonneberg Observatory in Thuringia, Germany, holds the second largest collection of patrol plates, covering the entire northern sky and comprising around 300 000 plates taken between 1923 and 2010 (Kroll 2009). Most of these plates have been digitized; however, they are not available via any online service. The Archives of Photographic PLates for Astronomical USE (APPLAUSE)1 currently has about 70 000 digitized direct photographic plates (among others), mostly from the German observatories of Bamberg, Potsdam, Hamburg, and Tautenburg, as well as from Tartu (Estonia) and the Vatican Observatory (Enke et al. 2024). Almost the entire Chinese stock of astronomical plates (roughly 30 000) has been digitized and partly analyzed. Data related to these analyzed plates, as well as scanned images, are available via the web service of the Chinese National Astronomical Data Center (Shang et al. 2024). The French NAROO project was initiated to digitize roughly 100 000 plates from French observatories (Robert et al. 2021).
Photographic plates typically range in size from 6 × 6 cm2 to 30 × 30 cm2 (Kroll 2019), although the largest ever used measured about 1 × 1 m2 and is held at Yerkes Observatory2 (Osborn & Bauer 2024). Plates have been used in surveys, ranging from high resolutions of 1–2″ to low-resolution campaigns of about 15" (Jones & Boyd 1971). High-resolution plates most often utilize blue-sensitive emulsions that are photographic (pg), while lower resolution surveys may employ a combination of blue (pg) and yellow to red photo-visible (pv) sensitive emulsions (Bräuer et al. 1999), often supplemented with additional filters. Moreover, the composition of emulsions has evolved over time, further complicating the spectral response. While blue emulsions generally exhibit relatively consistent sensitivity, yellow emulsions vary significantly.
The typical mean error in the magnitudes determined from sources in photographic plates is in the range of 0.15 to 0.3 mag. This is mainly a statistical error due to the poor quality of photographic plates as detectors in comparison with modern Charge-Coupled Device (CCD) or Complementary Metal-Oxide-Semiconductor (CMOS) detectors. A significant challenge with using photo plates as detectors is their spectral response. Before the development of star catalogs with common color systems, for example the Johnson (Johnson 1963) or Sloan Digital Sky Survey (SDSS) (Fukugita et al. 1996) photometric systems, the brightness of stars could only be compared within series of observations, which used identical emulsions. When different catalogs with sufficient sky coverage became available, empirical color transformations were established (see, e.g., Jordi et al. (2006)) that were and still are used to convert all data to a common photometric system necessary for an astrophysical interpretation of the observations. Similar transformations have also been used for compiling the data of the photo-plate archives DASCH and APPLAUSE. However, such transformations are valid only within certain limits, and it is well accepted that they suffer from systematic errors such as offsets in zero points.
With the availability of low-resolution spectra of about 200 million stars from the latest Gaia data release, synthetic photometry can supply absolute photometry in any photometric system within the range of the spectra (Gaia Collaboration 2023) and thus avoid systematic errors.
In this paper, we present a study that uses synthetic photometry from Gaia low-resolution spectra to calculate the magnitude of calibration stars in the natural color system of the photographic plates and compares the results with those from existing data in the archives. In Section 2, the former method to convert the color systems of reference catalogs to the color response of plate emulsions is introduced. Our solution, utilizing the Gaia low-resolution BP/RP spectra, is explained in Section 3. A comparison of catalog data from the APPLAUSE archive and our results using Gaia Spectral Energy Distributions (SEDs), revealing the systematic errors of the empirical color transformations, is presented in Section 4, and Section 5 covers further corrections as well as a new application of synthetic photometry in the analysis of photoplates. The final section comprises a discussion of the results and outlook.
2 Natural magnitudes using color systems of reference catalogs
Examining digitized astronomical plates necessitates addressing two primary inquiries: identifying sources through their coordinates, known as astrometry, and gauging the brightness of these sources, termed photometry. However, analyzing the plates poses more challenges than examining CCD images. This is largely attributed to the extensive field of view (FOV) typically covered by astronomical photo plates, exceeding that of CCDs. Consequently, devising a comprehensive plate solution for an entire photo plate proves challenging due to the inherent difficulties in achieving acceptable accuracy across such vast FOVs. Another notable difficulty arises from the intrinsic characteristics of the emulsion coating the plates. Unlike digital sensors, which typically exhibit a linear response to light, the emulsion coating on the plates often possesses a logarithmic intensity characteristic (Martin 1976; Spasovic et al. 2016). This nonlinearity complicates converting raw pixel values into physical units and efforts to accurately quantify and correct for variations in brightness across the plate. The use of different emulsions over time causes the plates to have nonuniform color sensitivity. Furthermore, the challenges of severe vignetting and optical aberrations, such as distortion, and the absence of flat exposures in the plates present an obstacle for precise calibration efforts. However, the DASCH project presented an astrometric and photometric analysis pipeline that effectively addressed geometric distortion, vignetting, emulsion sensitivity variations, and atmospheric effects. Laycock et al. (2010) utilized a higher order polynomial distortion to calculate plate solving, dividing the plate into concentric regions and calibrating the intensity for each region separately. Moreover, the APPLAUSE archive introduced PyPlate (Tuvikene et al. 2014; Tuvikene & APPLAUSE Collaboration 2019), a Python-based open-source software for processing digital images of direct astronomical photo plates. Tuvikene et al. enhanced the astrometric plate solution of flatbed-scanned plates by incorporating corrections for nonuniform scanner arm movements. Additionally, they adopted Laycock et al.’s approach to calibrate concentric regions for the photometric solution.
2.1 The color-term approach
A significant challenge with using photo plates as detectors is their spectral response. Applying a polynomial correction based on the color index of the sources is a common approach for taking care of the mismatch of the photometric systems of the plates and reference catalogs, i.e., converting between the two differing photometric systems. This correction accounts for various influencing factors, including the wavelength-dependent transmission properties of the atmosphere, telescope, camera optics, and emulsion response. However, experience shows that higher order polynomial corrections do not improve accuracy or reduce errors. Therefore, both Laycock et al. (2010) and Tuvikene et al. (2014) employed a linear correction approach in their respective studies3.
The magnitude of the sources in the natural photometric system of the plate, using a catalog with magnitudes given in the UBV color system, is defined as
[image: Mathematical equation: $\[m_{\mathrm{cat}}=V_{\mathrm{cat}}+c\left(B_{\mathrm{cat}}-V_{\mathrm{cat}}\right),\]$](1)
where mcat represents the magnitude of the stars in the reference catalog transformed into the plate system, Bcat and Vcat are the Johnson B and V magnitudes of the stars in the reference catalog, respectively, and c is the color term of the plate. mcat is what we call the natural magnitude of the calibration stars in the plate’s color system4.
It is worth mentioning that mcat is used to calibrate the raw magnitudes of stars determined from the photo plates. However, this calibration step is not part of this paper; it is implemented and well-tested in the two pipelines used to create the DASCH (daschlab) and APPLAUSE (PyPlate) databases.
In both pipelines, the color term is determined by minimizing the root mean square (RMS) of the photometric calibration. A color term, c = 0, indicates that the plate’s color response closely matches that of the Johnson V pass band, while c = 1 signifies alignment with the Johnson B pass band. Values of c outside the range of 0 to 1 suggest that the color system of the reference catalog does not adequately match the spectral sensitivity of the plates. The most common photometric analyses of photographic plates use reference catalogs with Johnson-Cousins pass band; some studies may employ different color systems. For example, APPLAUSE Data Release 4 (DR4) used the Gaia Early Data Release 3 (EDR3) GBP and GRP pass band (Enke et al. 2024).
In Figure 1, we present color terms for a series of plates containing the randomly selected constant star UCAC4 (Zacharias et al. 2013) 600-107181 from the two most recent data releases of the APPLAUSE archive (DR3 and DR4). This star is cataloged in the Gaia DR3 under the identifier 2030169850461844224 and also holds the number 2153-2118-1 in the Tycho-2 catalog (Høg et al. 2000). The images were captured using two distinct instruments: the Lippert-Astrograph and the large Schmidt-Mirror at Bergedorf Observatory in Hamburg (Anderson & Engels 2004). In DR3, calibration was performed with the help of the Tycho2 and UCAC4 catalogs for astrometry, and the APASS DR9 (Henden et al. 2016) and Tycho-2 catalogs for photometry. In DR4, the extracted sources were calibrated in photometry and astrometry using the Gaia EDR3 catalog.
Most of the plate emulsions employed at Bergedorf are highly sensitive to blue light, with peaks around 0.7 in the left plot of Fig. 1. These emulsions include Kodak 103a-O (blue), Kodak 103a-D (visible), Kodak IIa-O (almost blue), Kodak Oa0 (almost blue), as well as Agfa Astro Z and V (almost blue). The right plot in Fig. 1 (APPLAUSE DR4) exhibits a shifted range for the color term, which is further discussed in the next subsection.
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Color terms derived from a series of plates from two data releases of APPLAUSE archive for the randomly selected constant star UCAC4 600-107181. Left: DR3 using Tycho-2 and APASS DR9 as a reference catalog. Right: DR4 using Gaia EDR3 as a reference catalog.



2.2 The color-term difficulties
The color-term concept has several limitations. Firstly, it simplifies the entire spectral sensitivity differences of the plates and the pass band of the reference catalogs into a single numerical value, which appears to be a rather crude approximation. Secondly, determining color terms relies on fitting procedures, though it is not a physical measure of the data. In cases where the same emulsion is used for collecting data, the detector’s spectral response remains constant, obviating the need for fitting. Consequently, the distribution of color terms reflects not only the properties of the plates, but also a combination of data errors and convolution between the SED of the sources and the plates’ color response.
In Figure 2, a clear correlation is observed between the variations in color terms (upper panel) and the B magnitudes of the constant star UCAC4 600-107181 (the two lower panels), with data derived from a series of APPLAUSE DR3 plates. Panels 1 and 2 include all emulsions used in the database, split into pv and pg categories, whereas panel 3 is restricted to two specific emulsions, Kodak IIa-O and Kodak 103a-D, exposed in the Lippert-Astrograph only; this is relevant to the analysis described in Sect. 4.4. The correlation here highlights a systematic error in the analysis. The natural magnitudes of one and the same star in a series of plates with varying emulsions reflect the distribution of color terms of the plates (see Eq. (1)). The observed (instrumental) intensity of the red star UCAC4 600-107181, color index B − V = 0.39 mag, yields lower brightness in a blue-sensitive plate compared to an observation with a visible-light-sensitive plate. However, the natural magnitude of the star in Fig. 2, determined by minimizing the RMS of the photometric calibration using the comparison catalog, does not perfectly match the variation of the observations in the plate series, leading to variations in the calibrated B magnitude (Fig. 2). That is, the natural magnitudes of this star in the APPLAUSE archive are erroneous, most probably because the fit color terms are erroneous. Light curves from the DASCH archive reveal identical problems; for example, the light curve of the star TYC 9504-35-1 with B − V = 1.52 mag from the DASCH archive shows a jump of about 2 mag in the calibrated magnitude from different plates5.
DASCH and APPLAUSE (DR1 to DR3, PyPlate 3) utilize multiple catalogs, including UCAC4, APASS, KIC (Brown et al. 2011), and GSC (Lasker et al. 2021), for both astrometric and photometric calibration. While this approach reduces gaps in sky coverage, it introduces potential systematic errors. To address these challenges, the photometric calibration of APPLAUSE DR4, using the Gaia, GBP and GRP pass band, faces a significant issue: the color terms range from −2 to 2.5 (see Fig. 1, right), indicating a large discrepancy in color response when compared to the Gaia pass band.
In Figure 3, the green shading illustrates the spectral sensitivities of various emulsions used for the plates across the Gaia GBP and GRP pass bands. The plot reveals minor differences among the blue (pg) plates from Eastman Kodak 103a-O (Space Telescope Science Institute 2016) and 103a-D (Eastman Kodak Handbook 1967), Orwo ZU21 and ZP1, and Agfa Astro and Astro Panchromatic (Dokuchaeva et al. 1983), which are shown in a darker shade of green in the overlapping regions. However, significant variations exist in the spectral responses of the visible (pv) plates. Notably, while there is a good spectral overlap with the Gaia GBP pass band, there is almost no spectral overlap with the Gaia GRP pass band. Consequently, the color correction is only marginally influenced by the Gaia GRP magnitudes, thus increasing the color term in the fitting procedure to numbers higher than one (see Fig. 1). Mainly, the blue pass band of Gaia is utilized in the color term concept, which does not align well either and is roughly a factor of two wider than the plates’ sensitivities. Thus, using Gaia GBP and GRP pass bands does not seem to be very appropriate for photometric calibration of photo plates. To tackle these issues, an advanced approach involves utilizing the BP/RP low-resolution spectral data from the Gaia DR3.
	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Time series of constant star UCAC4 600-107181 (color index B − V = 0.39 mag) from 1181 scans of 606 photographic plates over 32 years, covering data from blue-sensitive (pg, shown as blue dots) and yellow- and red-sensitive (pv, shown as red dots) plates from APPLAUSE DR3. Plates were classified based on known emulsions and reliable data (see Appendix A for details about the plates used in this figure). Upper panel: series of color terms determined by RMS fitting. Lower two panels: calibrated B magnitudes of the star, differing in that panel 3 includes 80 plates of the two emulsions Kodak IIa-O and Kodak 103a-D, which were only exposed in the Lippert-Astrograph. The calibrated V and B magnitudes are identical, except for a shift of the color index.



	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Spectral sensitivities of various pg and pv plates coated with different emulsions are shown relative to the Gaia photometric system. The green areas represent the plate’s emulsion color responses, which already include the atmospheric transmission data, using the air mass 1.5 to 0 ratio, while the dashed blue and solid red lines indicate Gaia’s blue and red photometer sensitivities, respectively.



3 Natural magnitudes using low-resolution spectra
The innovative approach to more advanced photometric calibration in this study involved replacing the linear correction of the color-term concept with the idea of using SED data from the latest Gaia data release.
The recently released Gaia DR3 (Gaia Collaboration 2023) includes flux-calibrated, low-resolution spectra obtained from the BP and RP spectrophotometers in the wavelength range of 330 to 1050 nm (XP spectra) for more than 200 million sources, with a magnitude of G < 17.65. The availability of these externally calibrated (EC) XP spectra (Gaia Collaboration 2023) enabled us to generate wide- and medium-band synthetic photometry to supply absolute optical photometry of stars in any pass band fully enclosed in this wavelength range covered by Gaia GBP and GRP spectra (Gaia Collaboration 2023). Fig. 4 shows the SED of our constant sample star from Gaia DR3 combined with the spectral sensitivities of the plates used in our study.
The free Python library GaiaXPy6 was released to facilitate the extraction of Gaia DR3 BP/RP mean spectra and calculation of synthetic photometry. Synthetic photometry is founded on a normalized mean flux (Bessell & Murphy 2012), which is obtained by integrating the product of the spectral sensitivity of the emulsion, including the transmission of any filter and the atmosphere, S(λ), and SED over a given spectral range, fλ(λ). The mean flux in any photometric system can be expressed as (Gaia Collaboration 2023)
[image: Mathematical equation: $\[\left\langle f_\lambda\right\rangle=\frac{\int f_\lambda(\lambda) S~(\lambda) \lambda ~d \lambda}{\int S~(\lambda) \lambda ~d \lambda},\]$](2)
where the factor λ accounts for converting spectral energy to the number of photons detected7.
The synthetic flux can be converted into a magnitude by
[image: Mathematical equation: $\[m_{\text {synth }}=-2.5 ~\log \left\langle f_\lambda\right\rangle+Z P.\]$](3)
The computation of the zero point, ZP, is based on a reference SED. We used the VEGAMAG magnitude system, an unreddened A0V star with V = 0.0 as a reference point. ZP was thus calculated via
[image: Mathematical equation: $\[Z P=+2.5 ~\log \left\langle f_\lambda\right\rangle+V.\]$](4)
The synthetic photometry utility of the GaiaXPy library uses the generate method, applying Eqs. (2)–(4) to return a data frame with the generated synthetic photometry results. Magnitudes, fluxes, and flux errors were computed for each filter. The desired photometric system can be selected from a list of embedded systems or uploaded as a new user-defined system. User-defined photometric systems have to be converted to an internal representation similar to the Gaia GBP and GRP spectra. This was kindly provided by the filter profile service of the Spanish Virtual Observatory (SVO) (Rodrigo & Solano 2020).
	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Low-resolution spectrum of UCAC4 600-107181 is compared with two spectral-sensitivity curves of Kodak emulsions with Schott filters for photographic photometry. The Gaia SED is shown with a solid black line (right axis). The blue-filled plot with the dashed line represents the spectral sensitivity of the Kodak IIa-O emulsion combined with the transmission of a 2 mm Schott GG13 (=385) filter, which closely matches the Johnson-Cousins B band (blue-sensitive plate). The red-filled plot with a dotted line illustrates Kodak 103a-D emulsion plus a 2 mm Schott GG11 filter, which closely matches the Johnson-Cousins V band (visible-light-sensitive plate). The influence of atmospheric transmission was taken into account for both spectral sensitivity curves at the zenith (air mass 1). All spectral curves here were normalized to their individual maximum.



4 Assessing the two methods
Using the full spectral information of a star (the SED) to calculate the response in a color system of a photographic plate should yield more reliable results than applying a Taylor expansion of the color index. In order to confirm this, we compared the natural magnitudes from the APPLAUSE archive and the synthetic Johnson–Cousins magnitudes from Gaia DR3 with those determined by our approach.
4.1 The sample
We selected photographic plates available in the APPLAUSE archive coated with Kodak IIa-O (Aoki et al. 2021) and Kodak 103a-D emulsions (Moro & Munari 2000), widely used for stellar magnitude measurements. Kodak IIa-O emulsion is sensitive to the spectrum’s ultraviolet and blue regions, covering wavelengths from approximately 320–500 nm. On the other hand, Kodak 103a-D exhibits high sensitivity across the green to yellow regions of the visible spectrum, spanning 400–650 nm. To match the Johnson B band, many of the blue emulsions were used with a 2 mm Schott GG13 filter, which was eventually renamed GG38; for the yellow emulsions, a 2 mm Schott GG11 filter was added and later renamed GG495 (NSF NOIRLab 2021)8. Last but not least, the transmission of the atmosphere has to be considered; the plates were recorded at ground-based observatories. We corrected the spectral sensitivity of the plate and filter combinations with the ratio of the observation’s airmass solar-reference spectrum to the air mass of zero, or to an extraterrestrial solar spectrum9 (see Section 5.1). Some sensitivity functions were already calculated under Earth’s atmospheric transmission, so no additional corrections were required (Bell 1972). The final two spectral sensitivities used in this study are shown in Fig. 4. All parameters of the plates and sources necessary for our analysis, for example the color term, UCAC4, Tycho2, Gaia DR3 IDs of stars, catalog magnitudes of calibration stars, color index of stars, and natural magnitudes of catalog stars in the plates color system, can be retrieved via a Python API from the APPLAUSE archive. The DASCH archive, unfortunately, does not provide all of the data from their analysis, so we limited our test to analyzing plates from the APPLAUSE archive.
4.2 Comparison with mcat from APPLAUSE
In the first test, we addressed the dependence of the APPLAUSE mcat on the color index (B − V) in Eq. (1). From our sample, we selected one of the blue plates and one of the visible plates each and analyzed the difference, Δ = msynth − mcat, for all stars identified in APPLAUSE DR3 and used for photometric calibration. We cleaned the data according to several quality flags available in APPLAUSE and matched them with Gaia DR3 sources (see Appendix B). These differences, Δ, versus the color index of the stars are shown in Fig. 5.
In both cases, we find systematic variations in the differences with the color index of the stars. For the visible plate (right panel), there is an almost linear negative trend up to about −0.3 mag for the higher color indices, indicating that the determined color term is too large by ≈0.3/2 = 0.15. For the blue plate (left panel), we observe a) a small increasing trend up to about +0.15 mag – in this case, the color term is too small by ≈0.15/2 = 0.075 – and b) an increasing spread up to ±0.7 mag for higher indices. The sharp cut-off at a color index = 2 is due to the limit, which is used in PyPlate. It seems the authors were suspicious about using the color-term fitting for higher color indices.
	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 Difference, Δ = msynth − mcat, versus color index, color_bv = (B − V), for everything identified in APPLAUSE DR3 that was cleaned and matched with Gaia DR3 stars. Left: plate 12368, Großer Schmidt-Spiegel, Hamburg Observatory, 12 Dec 1968, Kodak IIa-O with filter GG13(=385), scan 14850, color term 0.83. Right: plate 11626, Großer Schmidt-Spiegel, Hamburg Observatory, 5 Oct 1964, Kodak 103a-D with filter GG11, scan 14057, and color term 0.01. We used an air mass of 1.25 for the analysis in both cases. These plates in APPLAUSE have two scanned files with different color terms, producing two distributions. To keep this analysis figure simple, only one distribution for each such plate is shown.



4.3 Comparison with synthetic mJKC from Gaia DR3
In the first test, we compared natural magnitudes of APPLAUSE data determined from UCAC4 and APASS catalogs using color terms to those calculated from the Gaia SEDs of the stars. However, to compare the two methods, we needed to use an identical data set in both approaches. Thus, we replaced the UCAC4 and APASS magnitudes with synthetic Johnson-Cousins magnitudes from Gaia DR3:
[image: Mathematical equation: $\[m_{\mathrm{JKC}}=V_{\mathrm{JKC}}+c\left(B_{\mathrm{JKC}}-V_{\mathrm{JKC}}\right),\]$](5)
where the index JKC marks the Gaia synthetic magnitudes. However, we did not modify the PyPlate code at this point, so we could not recalculate the color terms according to Eq. (5). We used the APPLAUSE color terms instead.
The two plates shown in Fig. 5 are analyzed again in Fig. 6, except that it shows the differences, Δ = msynth − mJKC, for all stars identified in APPLAUSE DR3, then cleaned and matched to Gaia DR4 stars.
First, we find nearly identical general linear trends in the blue and visible plates. This time we plotted data for the two scans of each of the plates. The two scans differ significantly, especially for the blue plate. We state that the color terms were not determined correctly. For a further analysis of the color-term variations, see the next subsection.
Second, the large spread shown in Fig. 5 no longer shows up in this analysis, and we find a few stars with color indices higher than 2. The obvious explanation of this finding is that the magnitude data from the UCAC4 and APASS catalog, which were used in APPLAUSE DR3, are erroneous, to a much greater extent than expected.
Third, Fig. 6 reveals nonlinear effects in the range of 0.1 mag, which show up when using higher quality data for the calibration stars. The fine structure in Fig. 6 is discussed in Sect. 5.3.
4.4 Analyzing a series of plates
One of the results of the tests presented above is that the determination of the color terms in APPLAUSE is doubtful, which explains the effects that we see in Fig. 2: the variation of the “constant” magnitude as an effect of the variation of the color terms. To obtain a more qualitative view, we determined the color term errors by linear regression from differences, as shown in Figs. 5 and 6, using 40 plates from each color (blue and visible); we included both scans, with identical emulsion-filter combinations exposed in one unique telescope. The analysis revealed a mean offset in the color terms of 0.13 and a rather large spread of 0.06 for the blue plates and −0.1 ± 0.02 for visible plates.
For a star with a low color index of 0.39 mag (e.g., UCAC4 600-107181; see Fig. 2) this results in a mean difference, Δ = msynth − mcat, of 0.05 ± 0.02 mag in the blue plates and −0.04 ± 0.01 mag in the visible plates. For stars with a higher color index of 2 mag, there is an error of 0.26 ± 0.12 mag in the blue and −0.20 ± 0.04 mag in the visible plates.
For the randomly chosen test star UCAC4 600-107181, the derived color-term errors lead to apparent magnitude differences that are smaller than the listed B magnitude variations of APPLAUSE shown in panel 3 of Fig. 2. This discrepancy may be accounted for by the errors of the calibration catalogs UCAC4 and APPAS, as revealed in Sect. 4.3, or by a location of the star near the edges of the plates (in our sample, in 54 of 80 plates), which results in larger calibration errors. We need to check this when implementing our method into PyPlate and calculating calibrated magnitudes.
Besides the noticeable offsets of the color terms, the spread of the color-term offsets in identical emulsions exposed in identical optics is about one magnitude larger than the error of the color terms given in the APPLAUSE database.
5 Further modifications and applications
5.1 Correcting effects of the air mass
For ground-based astronomical observations, the atmosphere acts as a filter, leading to an extinction and a reddening. The effects of the atmosphere change with the air mass, which can be described as follows (Stetson 2013):
[image: Mathematical equation: $\[m_{\mathrm{instr}}=m_{\mathrm{obs}}-\kappa(\lambda) X,\]$](6)
where the observed raw magnitude, mobs, has to be reduced by the product of the wavelength-dependent extinction coefficient, κ(λ), and the air mass, X, to obtain the instrumental magnitude, which was later used for calibration. The air mass is usually approximated with X ≈ sec z, with the zenith distance z. With this approximation, we obtain X ≈ 1.15 at a zenith distance of 30°, ≈1.41 at 45°, and ≈2 at 60°.
Since the geometric dimensions of photographic plates are larger than most of the CCDs in use today (except for cameras designed for special purposes), noticeable differences in air mass exist for stars at the lower and upper edges of the plates. The stars of the center of plate 12368, which is analyzed in the left panel of Fig. 4, have an air mass of 1.34, and the air mass at the edges ranges from 1.43 to 1.26. The air mass at the center of plate 11626 is 1.33, and at the lower and upper edges, it is 1.42 and 1.25, respectively. The differences are higher for observations at lower altitudes.
Below the oxygen-absorption bands, the main contribution to κ(λ) is the Raleigh scattering, ∝ 1/λ4, which is most prominent in the ultraviolet and the blue part of the spectrum, leading to reddening of the light passing through the atmosphere. We accounted for this reddening by multiplying the emulsion sensitivity and filter transmission with an air-mass-dependent Raleigh scattering for air masses in the range of 1 to 5, as shown in Fig. C.1. To this end, we used solar spectral irradiances modeled by the Simple Model of the Atmospheric Radiative Transfer of Sunshine (SMARTS), version 2.9.5 (Gueymard 2001, 2003)10. Thus, we obtain a series of slightly shifted spectral sensitivities for each emulsion-filter combination, which we used with GaiaXPy to calculate the synthetic magnitudes depending on the air mass. We detected a change of 0.01 mag for the pv plate and 0.04 mag for the pg plate, based on our random star with a color index of 0.39 mag. However, for a star with higher B − V values, the magnitude of this effect increased to 0.2 mag for the pg plate (Fig. 7).
The second effect is lowering the observed intensity, which is called extinction. We cannot use the synthetic magnitudes calculated with GaiaXPy from the SEDs and the spectral sensitivities to take into account the extinction, because GaiaXPy uses a zero point (of Vega in our case) for an air mass of zero.
The extinction coefficient of the atmosphere for a certain pass band can be determined from a series of observations of the same object dependent on the altitude, i.e., on the air mass. The extinction coefficient can vary by a factor of two with the specific parameters of the atmosphere. For accurate results, the extinction coefficient should be monitored in parallel with each measurement. However, this was not possible for most of the measurements using photographic plates. Thus, averaged numbers had to be used for the extinction correction11. This correction has to be applied in the calibration step and not when determining the natural magnitudes of calibration stars in the plates’ color systems.
Another effect associated with the air mass is due to the low quantum efficiency of photographic plates, resulting in longer exposure times compared to modern CCDs. Thus, the air mass changes during exposure, which averages extinction and reddening, limiting the accuracy of such measurements. For the plates used in Fig. 4, we find rather small changes in the air mass of the center of the plates of 0.018 (plate 12368, exposure time 4 min) and 0.023 (plate 11626, exposure time 8 min). However, by checking a more extreme plate used at a central altitude at the mid-point of the exposure of 15.7 degrees with an exposure time of 2 hours, we obtain an air mass difference of 1.
	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Difference, Δ = msynth − mJKC, versus color index, JKC_bv = (BJKC − VJKC), for all data identified in APPLAUSE DR3 that were cleaned and matched to Gaia DR3 stars using synthetic Johnson-Cousins magnitudes from Gaia DR3. Left: plate 12368, Großer Schmidt-Spiegel, Hamburg Observatory, 12 Dec 1968, Kodak IIa-O with filter GG13(=385), scan 14850 (color term 0.826), and scan 14851 (color term 0.704). Right: plate 11626, Großer Schmidt-Spiegel, Hamburg Observatory, 5 Oct 1964, Kodak 103a-D with filter GG11, scan 14057 (color term 0.013), and scan 14058 (color term 0.004). We used an air mass of 1.25 for the analysis in both cases. The ranges of the y-axes were changed in comparison to Fig. 5.



	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 Dependence on air masses. Difference, Δ = msynth − (VJKC + c(BJKC − VJKC)), versus color index for all in APPLAUSE DR3 identified stars in the second scan of plate 12368 (see Fig. 5). msynth is determined for three different air masses.



5.2 Transmission of the optics
The widths of spectral sensitivities of emulsions-filter combinations used in photo-plate photometry are pretty much comparable to the widths of the Johnson-Cousins filters used today with modern detectors. Therefore, the spectral transmission of the optics affects both to the same extent.
In simple applications presented in many textbooks of observational astronomy, it is assumed that the optics have no fluctuations in their transmission over the wavelength range of the pass-band filters. This is obviously a desirable goal for the design of telescope optics. However, if the optics are not perfect in that sense, their response functions applying standard Johnson-Cousins (or other) filters might not perfectly match the Johnson-Cousins pass bands, which need to be corrected; see, for instance, Stetson (2013).
The optics used for photo-plate observations are astrographs, Schmidt telescopes, and, for smaller apertures, a triplet or quadruplet lens system. In our comparison of natural magnitudes presented in Section 4.2, we used plates exposed in Schmidt mirror optics. Assuming that the effects of reflecting aluminum surfaces and Schmidt correction plates in the spectral range of the two emulsions are smaller than the typical statistical errors, we did not include the spectral transmission of the optics in this investigation of the method presented in this paper. To achieve an estimate of the error of our analysis, we compared plates with the emulsion-filter combinations used in Section 4.2, which were exposed in different optical systems. The APPLAUSE archive contains data from plates with these emulsion-filter combinations exposed in different Schmidt telescopes, which we used to check the influence of the optics. The revealed effects are in the range of 0.1 mag. In the final application of our method, we need to add the spectral characteristics of the optics in the same way as the transmission of the atmosphere.
5.3 Stars in different luminosity classes
In Fig. 8, the differences Δ = msynth − mJKC versus color index of one scan of the blue plate 12368 are shown (see also Fig. 6) in more detail, revealing a fine structure. In the color-term approach, the natural magnitude of all stars with an identical color index are determined with an identical correction. However, the SEDs of dwarfs and giants of identical color indexes might differ. We classified the stars shown in Fig. 8 as dwarfs with log g ≥ 4, sub-giants with 4 > log g ≥ 3, and giants with log g < 3 (Rodrigo et al. 2024), and we marked them in different colors. The fine structures in Figs. 6 and 8 are due to stars in different luminosity classes.
The interesting result is that our method can clearly distinguish dwarfs and giants of identical color index. The difference in the natural magnitudes of the dwarfs and giants in plate 12368 is in around 0.1 mag. We should point out that we were not able to separate stars of different luminosity classes in plots of the APPLAUSE data (see Fig. 5) because of their erroneous magnitudes and color indices.
	[image: Thumbnail: Fig. 8 Refer to the following caption and surrounding text.]	Fig. 8 Difference Δ = msynth − mJKC versus color index JKC_bv = BJKC − VJKC_V for all identified and cleaned APPLAUSE DR3 data with Gaia DR3 matched stars using synthetic Johnson-Cousins magnitudes from Gaia DR3 for plate 12368, Großer Schmidt-Spiegel, Hamburg Observatory, 12.12.1968, Kodak IIa-O with filter GG13(=385), and scan 14850 (color term 0.826). Dwarfs and giants, classified using log g from Gaia DR3, are shown in different colors.



6 Discussion and outlook
The availability of SEDs of millions of stars in the latest Gaia data release provides the opportunity to improve the photometric calibration of photographic plates by calculating synthetic magnitudes of calibration stars in the individual photometric system of each plate.
We demonstrated a proof of concept, mainly by analyzing plates with Kodak emulsion, as they have been the ones with easy access to spectral sensitivities. Plates with Agfa Astro Z emulsion, the most frequent in the dataset presented in Fig. 2, have been considered for analysis as well, but due to conflicting reports on its spectral sensitivities over the years, it will be addressed in future studies. The synthetic-magnitudes method allows atmospheric reddening and spectral characteristics of the optics to be accounted for. Furthermore, the SEDs of stars belonging to different luminosity classes but with the same colors differ. The presented approach can account for this, whereas the color-term method cannot.
Our analysis reveals systematic inconsistencies of the color-term method using a linear conversion of the color index of stars from a reference catalog. We clearly identified nonlinear errors, too, as well as problems in determining the best color term with the methods used in APPLAUSE.
The conversion of star colors among different color systems using a Taylor expansion of color indices is a well-established procedure in CCD broadband photometry; see, for example, Jordi et al. (2006). However, such conversions are always calculated for color systems, which cover nearly identical wavelength ranges with several (at least more than one) pass bands each. That is, a color index in one system (one “color”) is transformed into a color index of the other system.
A photographic plate, however, is not a complete color system; it just covers one pass band. One could consider different emulsions from Kodak, Agfa, Orwo, or others as color systems of a certain series of photographic plates. However, to our knowledge, no attempt has been made to transform the color system of several emulsions, covering an entire wide spectral range, into a common CCD color system. That is, all former efforts (APPLAUSE, DASCH, NACD, etc.) converted a color index of the reference system to a single pass band of each photographic plate. Due to the lack of at least a second pass band at a different wavelength, it is obvious that we expect systematic errors depending on the color index of stars. This aligns precisely with our findings, as illustrated in Fig. 5. One of the major problems of such transformation into the color systems of photographic plates seems to be the determination of the correct color terms.
Laycock mentioned a possible “slight variation of the color term with the air mass across a wide field plate” (Laycock et al. 2010), but the cited work, in which they would study this effect, was never published. With the improved photometry of DASCH, they determined an “effective color response” (i.e., effective color term) within each of up to nine annular bins (Tang et al. 2013). However, the air mass does not vary in annular bins across the plate. A similar idea was used in a preliminary analysis of a few plates from the Sonneberg archive by Vogt et al. (2004). In each of a series of 60 plates, 11 subfields of approximately 2.8° × 2.8° were analyzed by separately fitting color terms. In both studies, the color term varies across a single plate around 0.2, and no systematic correlation was found between color terms and plate geometry, including annular bins, distance from the center, or edge positions. Both studies thus undermine the concept of color terms as a spectral property of an emulsion and, instead, use it as an additional free fitting parameter without any physical meaning. A change of the color term in the range of 0.2 leads to a magnitude change of 0.4 mag for a calibration star with a color index of 2 mag, which is not acceptable for calibration stars.
Our idea is to implement our method of determining the natural magnitude of calibration stars into the open-source code PyPlate and validate it with plates from the DASCH, APPLAUSE, and Sonneberg plate archives. A crucial aspect of our method is the availability of spectral sensitivities of the photographic plates and transmissions of the filters and optics used in the 20th century. We are aware that we might not be able to find these data for all the emulsions, filters, and optics, but we hope to obtain at least approximate sensitivity curves.
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Appendix A  Details about the plates used in Fig. 2
Table A.1 
Details from APPLAUSE DR3 about all 1181 scans of 606 photographic plates containing star UCAC4 600-107181, collected during 1923-1955. The first column shows the emulsions and filter combinations, the second and third columns correspond to the number of plates and the range of color term range, respectively, and the fourth column lists the emulsion type pv (103a-D) or pg (IIa-O).

In the APPLAUSE DR3, some photographic plates were scanned twice, with the second scan rotated by [image: Mathematical equation: $\[90 \hat{\mathrm{A}^{\circ}}\]$] to correct scanner-induced geometric distortions. With the use of high-precision Gaia astrometry in APPLAUSE DR4, this procedure was no longer required. The photometric measurements from the two scans differed, so both were included in our analysis. In total, 606 plates were selected for this study, most have a second scan, resulting in 1 181 scans.
In cases where reliable information on the sensitivity of the emulsion was lacking or not specified, we classified the plates according to the measured color terms: values above 0.5 were considered blue-sensitive (pg) and values below this threshold visible-light-sensitive (pv).
In Fig. 2, panel 1, four notable mismatches were identified (two points are duplicated due to the second scan), whose categories are marked with an asterisk in the table. Two plates labeled blue sensitive, including plate 8147 with Agfa Astro V emulsion and plate 11119 with Kodak 103a-D emulsion behind the UG1 Schott filter, show color terms near zero, although they are expected to show values closer to 1. Plate 69797 with Perutz Phototech. B emulsion with the BG3 + GG13 filter combination, which restricts transmission to the blue spectral band (Agerer & Huebscher 1997), takes a value of zero once within ten repetitions in the data set. Moreover, plate 4662 with the Kodak 103a-D emulsion, known to be yellow/red sensitive, shows a color term of 0.63, whereas it is expected to be close to zero.

Appendix B  Data cleaning and refinement for visualization in Fig. 5
The APPLAUSE DR3 lists 214 821 calibrated sources in the blue plate 12368 and 336 976 calibrated sources in the visible plate 11626.
In the cleaning process, we skipped all the sources without a UCAC4 id, which we need for matching with Gaia sources. The APPLAUSE database lists parameters and flags of the different steps of the analysis. In the next step, we filtered out the sources with ambiguous classification from the source extractor (sourceextractor_flag not 0) and flagged sources due to uncertain photometric results (phot_plate_flags not 0). And, we only kept sources with UCAC4 photometric data in the B and V bands and in the cat_natmag (magnitude in the natural photometric plate system) column.
In the following step, we matched the UCAC4 sources with stars from the Gaia DR3 catalog using Gaia positional and proper motion data, as described on the Gaia web pages12. All multiple matches of Gaia sources to single plate sources (due to the higher spatial resolution of Gaia) were removed. Variable stars were excluded as the last stage of data cleaning, and finally we ended up with 15 346 sources for the blue plate 12368 and 16 807 sources for the visible plate 11626.

Appendix C  Effect of the air masses
	[image: Thumbnail: Fig. C.1 Refer to the following caption and surrounding text.]	Fig. C.1 Spectral characteristic curves of Kodak emulsions with Schott filter combinations for photographic photometry in different air masses. Left: Kodak IIa-O emulsion sensitivity curve behind GG13(=385) filter. Right: Kodak 103a-D emulsion sensitivity curve with GG11 filter.
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	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Color terms derived from a series of plates from two data releases of APPLAUSE archive for the randomly selected constant star UCAC4 600-107181. Left: DR3 using Tycho-2 and APASS DR9 as a reference catalog. Right: DR4 using Gaia EDR3 as a reference catalog.
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	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Time series of constant star UCAC4 600-107181 (color index B − V = 0.39 mag) from 1181 scans of 606 photographic plates over 32 years, covering data from blue-sensitive (pg, shown as blue dots) and yellow- and red-sensitive (pv, shown as red dots) plates from APPLAUSE DR3. Plates were classified based on known emulsions and reliable data (see Appendix A for details about the plates used in this figure). Upper panel: series of color terms determined by RMS fitting. Lower two panels: calibrated B magnitudes of the star, differing in that panel 3 includes 80 plates of the two emulsions Kodak IIa-O and Kodak 103a-D, which were only exposed in the Lippert-Astrograph. The calibrated V and B magnitudes are identical, except for a shift of the color index.
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	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Spectral sensitivities of various pg and pv plates coated with different emulsions are shown relative to the Gaia photometric system. The green areas represent the plate’s emulsion color responses, which already include the atmospheric transmission data, using the air mass 1.5 to 0 ratio, while the dashed blue and solid red lines indicate Gaia’s blue and red photometer sensitivities, respectively.
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	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Low-resolution spectrum of UCAC4 600-107181 is compared with two spectral-sensitivity curves of Kodak emulsions with Schott filters for photographic photometry. The Gaia SED is shown with a solid black line (right axis). The blue-filled plot with the dashed line represents the spectral sensitivity of the Kodak IIa-O emulsion combined with the transmission of a 2 mm Schott GG13 (=385) filter, which closely matches the Johnson-Cousins B band (blue-sensitive plate). The red-filled plot with a dotted line illustrates Kodak 103a-D emulsion plus a 2 mm Schott GG11 filter, which closely matches the Johnson-Cousins V band (visible-light-sensitive plate). The influence of atmospheric transmission was taken into account for both spectral sensitivity curves at the zenith (air mass 1). All spectral curves here were normalized to their individual maximum.
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	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 Difference, Δ = msynth − mcat, versus color index, color_bv = (B − V), for everything identified in APPLAUSE DR3 that was cleaned and matched with Gaia DR3 stars. Left: plate 12368, Großer Schmidt-Spiegel, Hamburg Observatory, 12 Dec 1968, Kodak IIa-O with filter GG13(=385), scan 14850, color term 0.83. Right: plate 11626, Großer Schmidt-Spiegel, Hamburg Observatory, 5 Oct 1964, Kodak 103a-D with filter GG11, scan 14057, and color term 0.01. We used an air mass of 1.25 for the analysis in both cases. These plates in APPLAUSE have two scanned files with different color terms, producing two distributions. To keep this analysis figure simple, only one distribution for each such plate is shown.
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	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Difference, Δ = msynth − mJKC, versus color index, JKC_bv = (BJKC − VJKC), for all data identified in APPLAUSE DR3 that were cleaned and matched to Gaia DR3 stars using synthetic Johnson-Cousins magnitudes from Gaia DR3. Left: plate 12368, Großer Schmidt-Spiegel, Hamburg Observatory, 12 Dec 1968, Kodak IIa-O with filter GG13(=385), scan 14850 (color term 0.826), and scan 14851 (color term 0.704). Right: plate 11626, Großer Schmidt-Spiegel, Hamburg Observatory, 5 Oct 1964, Kodak 103a-D with filter GG11, scan 14057 (color term 0.013), and scan 14058 (color term 0.004). We used an air mass of 1.25 for the analysis in both cases. The ranges of the y-axes were changed in comparison to Fig. 5.
In the text



	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 Dependence on air masses. Difference, Δ = msynth − (VJKC + c(BJKC − VJKC)), versus color index for all in APPLAUSE DR3 identified stars in the second scan of plate 12368 (see Fig. 5). msynth is determined for three different air masses.
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	[image: Thumbnail: Fig. 8 Refer to the following caption and surrounding text.]	Fig. 8 Difference Δ = msynth − mJKC versus color index JKC_bv = BJKC − VJKC_V for all identified and cleaned APPLAUSE DR3 data with Gaia DR3 matched stars using synthetic Johnson-Cousins magnitudes from Gaia DR3 for plate 12368, Großer Schmidt-Spiegel, Hamburg Observatory, 12.12.1968, Kodak IIa-O with filter GG13(=385), and scan 14850 (color term 0.826). Dwarfs and giants, classified using log g from Gaia DR3, are shown in different colors.
In the text



	[image: Thumbnail: Fig. C.1 Refer to the following caption and surrounding text.]	Fig. C.1 Spectral characteristic curves of Kodak emulsions with Schott filter combinations for photographic photometry in different air masses. Left: Kodak IIa-O emulsion sensitivity curve behind GG13(=385) filter. Right: Kodak 103a-D emulsion sensitivity curve with GG11 filter.
In the text
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        Color terms derived from a series of plates from two data releases of APPLAUSE archive for the randomly selected constant star UCAC4 600-107181. Left: DR3 using Tycho-2 and APASS DR9 as a reference catalog. Right: DR4 using Gaia EDR3 as a reference catalog.
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        Time series of constant star UCAC4 600-107181 (color index B − V = 0.39 mag) from 1181 scans of 606 photographic plates over 32 years, covering data from blue-sensitive (pg, shown as blue dots) and yellow- and red-sensitive (pv, shown as red dots) plates from APPLAUSE DR3. Plates were classified based on known emulsions and reliable data (see Appendix A for details about the plates used in this figure). Upper panel: series of color terms determined by RMS fitting. Lower two panels: calibrated B magnitudes of the star, differing in that panel 3 includes 80 plates of the two emulsions Kodak IIa-O and Kodak 103a-D, which were only exposed in the Lippert-Astrograph. The calibrated V and B magnitudes are identical, except for a shift of the color index.
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        Spectral sensitivities of various pg and pv plates coated with different emulsions are shown relative to the Gaia photometric system. The green areas represent the plate’s emulsion color responses, which already include the atmospheric transmission data, using the air mass 1.5 to 0 ratio, while the dashed blue and solid red lines indicate Gaia’s blue and red photometer sensitivities, respectively.
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        Low-resolution spectrum of UCAC4 600-107181 is compared with two spectral-sensitivity curves of Kodak emulsions with Schott filters for photographic photometry. The Gaia SED is shown with a solid black line (right axis). The blue-filled plot with the dashed line represents the spectral sensitivity of the Kodak IIa-O emulsion combined with the transmission of a 2 mm Schott GG13 (=385) filter, which closely matches the Johnson-Cousins B band (blue-sensitive plate). The red-filled plot with a dotted line illustrates Kodak 103a-D emulsion plus a 2 mm Schott GG11 filter, which closely matches the Johnson-Cousins V band (visible-light-sensitive plate). The influence of atmospheric transmission was taken into account for both spectral sensitivity curves at the zenith (air mass 1). All spectral curves here were normalized to their individual maximum.
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        Difference, Δ = msynth − mcat, versus color index, color_bv = (B − V), for everything identified in APPLAUSE DR3 that was cleaned and matched with Gaia DR3 stars. Left: plate 12368, Großer Schmidt-Spiegel, Hamburg Observatory, 12 Dec 1968, Kodak IIa-O with filter GG13(=385), scan 14850, color term 0.83. Right: plate 11626, Großer Schmidt-Spiegel, Hamburg Observatory, 5 Oct 1964, Kodak 103a-D with filter GG11, scan 14057, and color term 0.01. We used an air mass of 1.25 for the analysis in both cases. These plates in APPLAUSE have two scanned files with different color terms, producing two distributions. To keep this analysis figure simple, only one distribution for each such plate is shown.

      

    

  
    
      Fig. 6 

      
        [image: Fig. 6 Refer to the following caption and surrounding text.]
      

      
        Difference, Δ = msynth − mJKC, versus color index, JKC_bv = (BJKC − VJKC), for all data identified in APPLAUSE DR3 that were cleaned and matched to Gaia DR3 stars using synthetic Johnson-Cousins magnitudes from Gaia DR3. Left: plate 12368, Großer Schmidt-Spiegel, Hamburg Observatory, 12 Dec 1968, Kodak IIa-O with filter GG13(=385), scan 14850 (color term 0.826), and scan 14851 (color term 0.704). Right: plate 11626, Großer Schmidt-Spiegel, Hamburg Observatory, 5 Oct 1964, Kodak 103a-D with filter GG11, scan 14057 (color term 0.013), and scan 14058 (color term 0.004). We used an air mass of 1.25 for the analysis in both cases. The ranges of the y-axes were changed in comparison to Fig. 5.

      

    

  
    
      Fig. 7 

      
        [image: Fig. 7 Refer to the following caption and surrounding text.]
      

      
        Dependence on air masses. Difference, Δ = msynth − (VJKC + c(BJKC − VJKC)), versus color index for all in APPLAUSE DR3 identified stars in the second scan of plate 12368 (see Fig. 5). msynth is determined for three different air masses.

      

    

  
    
      Fig. 8 

      
        [image: Fig. 8 Refer to the following caption and surrounding text.]
      

      
        Difference Δ = msynth − mJKC versus color index JKC_bv = BJKC − VJKC_V for all identified and cleaned APPLAUSE DR3 data with Gaia DR3 matched stars using synthetic Johnson-Cousins magnitudes from Gaia DR3 for plate 12368, Großer Schmidt-Spiegel, Hamburg Observatory, 12.12.1968, Kodak IIa-O with filter GG13(=385), and scan 14850 (color term 0.826). Dwarfs and giants, classified using log g from Gaia DR3, are shown in different colors.

      

    

  
    
      Table A.1 

      Details from APPLAUSE DR3 about all 1181 scans of 606 photographic plates containing star UCAC4 600-107181, collected during 1923-1955. The first column shows the emulsions and filter combinations, the second and third columns correspond to the number of plates and the range of color term range, respectively, and the fourth column lists the emulsion type pv (103a-D) or pg (IIa-O).

      
        


	Emulsion + Filter
	Number
	Color Term Range
	Emulsion Type





	Agfa Astro Z
	205
	0.57 − 1.14
	pg



	* Agfa Astro V
	160
	-0.44 − 0.91
	pg



	Kodak Oa-O
	79
	0.64 − 1.00
	pg



	Kodak IIa-O + GG13(=385)
	32
	0.55 − 1.16
	pg



	Herzog panchromodux + OG5(=550)
	12
	-0.23 − -0.13
	pv



	Kodak 103a-D + GG11
	22
	-0.09 − 0.01
	pv



	Kodak 103a-O + UG1
	18
	0.71 − 1.85
	pg



	Unknown
	13
	0.50 − 1.02
	pg



	Agfa Astro Z Spiegel
	12
	0.60 − 0.71
	pg



	Kodak 103a-O
	12
	0.44 − 0.93
	pg



	*Perutz Phototech. B + BG3 + GG13
	10
	0.07 − 0.98
	pg



	Perutz Astro + GG13(=385)
	7
	0.70 − 0.74
	pg



	*Kodak 103a-D + UG1
	7
	0.00 − 1.17
	pg



	Agfa Astro
	3
	0.89 − 0.90
	pg



	Agfa Astro ZS
	3
	0.90 − 0.94
	pg



	Kodak IIa-O
	2
	0.67 − 0.72
	pg



	Perutz Astro
	2
	0.99 − 1.03
	pg



	* Kodak 103a-D
	1
	0.63
	pg!



	Eastman OaO
	1
	0.60
	pg



	Agfa isorapid
	1
	0.95
	pg



	Kodak IIa-O + UG1
	1
	0.94
	pg



	Agfa Astro O
	1
	0.80
	pg



	Unknown + OG5(=550)
	1
	-0.21
	pv



	Perutz Phototech. B
	1
	0.88
	pg





      

    

  
    
      Fig. C.1 

      
        [image: Fig. C.1 Refer to the following caption and surrounding text.]
      

      
        Spectral characteristic curves of Kodak emulsions with Schott filter combinations for photographic photometry in different air masses. Left: Kodak IIa-O emulsion sensitivity curve behind GG13(=385) filter. Right: Kodak 103a-D emulsion sensitivity curve with GG11 filter.
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