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ABSTRACT

Euclid will be the first space mission to survey most of the extragalactic sky in the 0.95-2.02 um range, to a 5 o point-source median
depth of 24.4 AB mag. This unique photometric dataset will find wide use beyond Euclid’s core science. In this paper, we present
accurate computations of the Euclid Yg, Jg, and Hg passbands used by the Near-Infrared Spectrometer and Photometer (NISP), and
the associated photometric system. We pay particular attention to passband variations in the field of view, accounting for, among other
factors, spatially variable filter transmission and variations in the angle of incidence on the filter substrate using optical ray tracing.
The response curves’ cut-on and cut-off wavelengths — and their variation in the field of view — are determined with ~0.8 nm accuracy,
essential for the photometric redshift accuracy required by Euclid. After computing the photometric zero points in the AB mag system,
we present linear transformations from and to common ground-based near-infrared photometric systems, for normal stars, red and
brown dwarfs, and galaxies separately. A Python tool to compute accurate magnitudes for arbitrary passbands and spectral energy
distributions is provided. We discuss various factors, from space weathering to material outgassing, that may slowly alter Euclid’s
spectral response. At the absolute flux scale, the Euclid in-flight calibration program connects the NISP photometric system to Hubble
Space Telescope spectrophotometric white dwarf standards; at the relative flux scale, the chromatic evolution of the response is tracked
at the milli-mag level. In this way, we establish an accurate photometric system that is fully controlled throughout Euclid’s lifetime.
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Fig. 1. Comparison of the NISP spectral response (shaded) with typical ground-based NIR passbands, in this case VIRCAM at VISTA (Sutherland
et al. 2015). Both sets of response curves account for mirrors, filters, and detector QE. The grey line displays the atmospheric transmission for a
precipitable water vapour of 1 mm and at zenith, taken from the ESO VISTA instrument description. The ground-based Z and K bands lie outside
the NISP wavelength range, whereas Y, J, and H cover approximately half of the corresponding NISP passbands.

1. Introduction

The Euclid mission will observe 15000 deg? of extragalactic sky
(Euclid Collaboration 2022) from the Sun—Earth Lagrange point
L2. It will employ weak gravitational lensing and galaxy cluster-
ing — including baryonic acoustic oscillations and redshift space
distortions — as cosmological probes to determine the expan-
sion history and growth rate of cosmic structures over the last
10 billion years. The measurements will be performed in several
tomographic redshift bins, covering the time when the acceler-
ation of the Universe became important (Laureijs et al. 2011;
Euclid Collaboration 2020). In this way, Euclid addresses the
nature and properties of dark energy, dark matter, gravitation,
and the Universe’s initial conditions. The results should be deci-
sive for the validity of the A cold dark matter concordance model
and general relativity on cosmic scales.

Euclid must determine the near-infrared (NIR) photometry
of at least 1 billion galaxies to a relative accuracy of better than
1.5%. This will establish a NIR photometric reference system
that will be in wide use for arguably the next few decades. To
achieve this with Euclid’s 1.2 m telescope and within the planned
mission duration of six years, the Near-Infrared Spectrometer
and Photometer (NISP; Prieto et al. 2012; Maciaszek et al. 2016)
carries a large focal plane array (FPA) of 16 Teledyne HAWAII-
2RG detectors. The NISP wide-field optical system uses filters
with a diameter of 130 mm, the largest NIR filters flown in a
civilian spacecraft to date.

Euclid’s core cosmology science requires the 0.95-2.02 pm
range to be covered in three passbands (Yg, Jg, and Hg; see
Fig. 1), with rectangular shape, equal relative spectral width
AA/A, and without inter-passband gaps. While overlapping with
the common ground-based Y, J, and H passbands, the Euclid
passbands are about twice as wide as they are not constrained
by atmospheric absorption. The passbands’ flanks — that is,
the transition regions from out-of-band blocking to full in-band
transmission — must be defined by the filters alone. Together
with complementary ground-based photometry, these pass-
bands enable the calculation of the mean photometric redshifts
(photo-z) of the tomographic redshift bins with an accuracy
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of 0.002(1 + z) (Laureijs et al. 2011; Euclid Collaboration
2021).

The photo-z accuracy required for Euclid implies that the
edges of the NISP passbands must be known to better than
1.0 nm. In this paper we show that the passbands are blueshifted
by up to 6nm when going from the centre of the focal plane
towards its corners. This effect is mostly due to variations in
the angle of incidence (AOI) on the filter surface, and to a
lesser degree to a systematic blueshift of the filter’s transmission
towards its edges. Using a careful assessment of the transmis-
sion measurements conducted by the filter coating manufacturer,
as well as accurate ray tracing methods, we determine the pass-
bands with sub-nanometer accuracy anywhere in the field of
view; this will also serve all purposes of legacy science.

This paper is organised as follows. In Sect. 2, we introduce
the filter substrates, the various transmission measurements, and
their limitations. In particular, we focus on intrinsic, local vari-
ations in the filter transmission. In Sect. 3, we use optical ray
tracing to quantify the AOI on the filter surface, which blueshifts
the passband for non-zero AOIs. In Sect. 4, we use these results
to compute the effective filter transmission and its blueshift
towards the corners of the focal plane. In Sect. 5, we com-
pute the spectral response, that is, the total system transmission,
including telescope optics, filters, and detectors. We introduce
the NISP photometric system in Sect. 6, together with transfor-
mations to common ground-based NIR photometric systems. We
summarise the main results and data products in Sect. 7.

2. Filter characteristics and transmission data
2.1. Terminology
2.1.1. Beam footprint

With ‘beam footprint’ we refer to the intersection of the optical
beam on the filter surface. The beam footprint is asymmetric in
shape and has a de-centred obstruction. Its geometry is impor-
tant for the transmission calculations. More details about the
footprint can be found in Sect. 3.1.
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2.1.2. Passband, transmission, and response

With ‘passband’ we refer to the Yg, Jg, and Hg wavelength
intervals transmitted by the NISP filters. These passbands are
characterised by their wavelength-dependent ‘local transmis-
sion’, #(4), which varies as a function of position on the filter
substrate. The filters ‘effective transmission’, 7'(1), is obtained
by integrating #(1) over the beam footprint on the filter substrate
(Sect. 4). The ‘response’ — that is the total system throughput
— is computed by multiplying 7'(1) with the transmission of
other optical elements and the detector quantum efficiency (QE;
Sect. 5).

The ‘mean peak transmission’ is computed over the wave-
length interval where the transmission exceeds 97% of its
maximum value.

2.1.3. Wavelength-related parameters: Cut-on and cut-off

At the ‘50% cut-on wavelength’ (hereafter: cut-on), the near-
rectangular transmission curve has transitioned halfway from
out-of-band blocking to the mean peak transmission. The 50%
cut-off is found correspondingly at the long-wavelength end of
the passband; specifically, we used cubic spline interpolation to
locate the cut-on and cut-off with a precision better than 0.1 nm.
We refer to the transition regions as the ‘passband flanks’, which
are approximately centred at the cut-on and cut-off. These quan-
tities can be computed for both the transmission and the response
curves.

We calculate the ‘passband width’ as the wavelength interval
between the cut-on and cut-off. Lastly, we define the passband’s
‘central wavelength’ as

_Jaryda

= . (1)
T [ty

Because of the nearly rectangular transmission curve, the central
wavelength computed in this way is within less than 0.5 nm of
the mid-point between the cut-on and cut-off.

2.2. Filter substrate, dielectric coatings, and blocking

The 130mm diameter NISP filter substrates were made by
Heraeus (Germany) from their proprietary ‘Suprasil 3001 type
fused silica, and shaped by Winlight Optics (France). The filters
have a centre thickness of 11-12mm, depending on the spe-
cific filter, with the sky-facing side being slightly convex with
a curvature radius of about 10 000 mm.

The filters carry quarterwave stacks of dielectric layers with
alternating high and low refractive index, defining the passband
through interference. The coatings were performed by Optics
Balzers Jena (OBJ; now Materion Balzers Optics). Coating
stacks of up to 200 alternating interference layers of SiO, and
Nb,Os were deposited, to a total stack height of up to 20 um
per filter side, using a plasma-assisted magnetron sputtering pro-
cess (PARMS). The coatings block photons outside the nominal
passbands very efficiently (Sect. 5.2). The coating layers defin-
ing a single passband flank are deposited on both sides of the
filter, which becomes relevant in Sect. 3.4. A characteristic effect
of interference filters is the blueshift of the passband when the
filter is tilted in a collimated beam against the surface normal
vector. This is because the phase factor of an individual dielec-
tric layer decreases with increasing AOI (Rienstra 1998; Smith
2008).
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Fig. 2. Filter geometry and measurement points. The filters have a diam-
eter of 130 mm (black circle). The blue line shows the baffle, blocking
light paths outside without causing vignetting. The nine-point original
measurement apertures are shown by the black rectangles (to scale). Our
refined 37-point measurements are marked by red dots instead of black
rectangles, to avoid cluttering. The grey annulus displays the 90 mm
obstructed beam footprint, that is, the part of the filter seen by a source
at the centre of the FPA. The obstruction is off-centred due to the tele-
scope’s off-axis design. The response curves made available online are
integrated over this grey annulus. The light of a source mapped onto any
of the four corners of the FPA intersects different parts of the filter; the
centres of the correspondingly shifted footprints are shown by the blue
squares.

2.3. Measurement strategy with the PE950

The transmission of all filters — one flight model and two flight
spares for each band — was measured with a Perkin Elmer
Lambda 950 (PE950). This is a double beam, double monochro-
mator, intensity ratio recording spectrophotometer working in
the 175-3300nm range. In the NIR regime, the PE950 used
by OBJ has a nominal wavelength reproducibility of 0.05 nm,
an absolute wavelength accuracy of <0.32nm, and is certified
periodically by Perkin Elmer Corp.

Measurements were taken at 1 nm wavelength steps at nine
positions (Fig. 2). They were repeated for two AOIs, 8 = 0° and
0 = 7°, the latter approximating the largest AOI realised on the
filters. This calibrates the blueshift of the passband for oblique
AOQIs. Hereafter, we refer to these data as the ‘nine-point data’.

Higher spatial sampling was achieved for the single Yg-band
‘engineering qualification model’ filter — not used in NISP —
using a single-beam photometer with lower spectral resolution,
to determine the cut-on at over 200 positions (Fig. 3).

The assumption behind this dual approach was that the coat-
ing process would be repeatable, replicating the topography of
the cut-on and cut-off ‘surfaces’ for all filters. The sparsely sam-
pled nine-point PE950 data taken over the full wavelength range
would be complemented by the high spatial resolution measure-
ments of the cut-on surface. This would be sufficient to create
accurate interpolation models, to compute the effective pass-
bands by integration over the 90 mm obstructed beam footprints
(Fig. 2). We show in Sect. 2.4 that this assumption is invalid.

2.4. Non-repeatability of the coating process and wavelength
accuracy of the PE950

The flight model filters passed all acceptance tests and were
integrated in NISP. Our analysis of the local transmission data,
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Fig. 3. Variation in the 50% cut-on wavelength of the Yg-band engi-
neering qualification filter. Measurements were done with a single-beam
photometer in 213 apertures 2 X 2 mm in size (shown to scale), at AOI
6 = 0°. The cut-on varies by 8 nm over the unbaffled area and is a con-
sequence of the coating layers getting systematically thinner by about
0.4% towards the outer edge. When the grey annulus moves across this

surface (different object positions in the field of view), the effective
transmission changes by 0.5-1.0 nm. Lines are the same as in Fig. 2.

however, showed that the topography of the cut-on and cut-off
surfaces varies considerably, even between flight models and
flight spares of the same passband. Consequently, the assumption
of a repeatable coating process is invalid, and the high spatial
resolution mapping data (Fig. 3) are not suitable to improve the
interpolation models. Furthermore, we show in the following
that the PE950 operated at least partially outside its wavelength
specifications summarised at the beginning of Sect. 2.3.

2.4.1. Inconsistencies in the nine-point transmission data

During the first measurement run of the flight spare filters, not
all @ = 7° data were taken for the Yg- and Hg-band models. A
complete set of the nine-point data including the 6 = 0° setting
was repeated at a later time. Having the same positions at 8 = 0°
measured twice, we could check the wavelength reproducibility
and accuracy of the PE950 (Sect. 2.3). To this end, we computed

the normalised wavelength difference Adsy = (1) — 42)/ V2 for
each measurement position, where 4; and A, are the cut-ons in
the two measurement runs; the same was done for the cut-off.
Assuming normally distributed errors, the RMS of AAdsg is then
an estimator of the PE950’s wavelength accuracy.

We did not detect a systematic wavelength offset between the

runs. However, the long-term RMS, oor, | of the Also data from

the nine-point measurements exceeds the PE950’s specification;
we refer to this RMS as ‘long-term’ because many months have

passed between the measurements (see Sect. 2.4.2 for the short-

term RMS). In particular, ooré, = 1.47 nm (left panel of Fig. 4)

is higher than the specification of <0.32nm. This implies that
both the PE950’s internal wavelength reproducibility of 0.05 nm
as well as the wavelength accuracy were not met for the flight
spare runs. Ageing effects are ruled out since the filter coatings
are very durable. We do not have repeated measurements for the
flight model filters, and hence assume that the same uncertainties
apply to them.
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Fig. 4. Wavelength accuracy of the PE950 spectrophotometer. Left
panel: joint long-term reproducibility of the cut-on and cut-off between
the nine-point measurement runs on the same substrates. The RMS is
o8 = |47 nm. Right panel: short-term reproducibility within single

37-point measurement runs, with o1 = 0.035 nm.

2.4.2. 37-point transmission data on flight spare filters

To better understand these inconsistencies, we designed a refined
test protocol for the second set of flight spare filters that were still
accessible at that time. Transmission was measured at 37 points
(red dots in Fig. 2), including the central position of the original
nine-point pattern. The remaining positions were placed in three
rings with diameters of 14, 28, and 48 mm, respectively. Five of
the positions were measured repeatedly, to check for hysteresis,
wavelength reproducibility, and systematic drifts.

We computed the short-term RMS of the Alsy data, o$ho =
0.035nm, from the repeatedly visited points (right panel in
Fig. 4). This is within the PE950’s nominal wavelength repro-
ducibility of 0.05nm, for all three flight spares. Meaningful
systematic effects were not found.

Comparing the passband flanks of the common central posi-
tion between the 37-point and the nine-point measurements, we

find a'lﬁgfe = 0.52nm (0.16 nm) for the first (second) run of nine-
point data. This is above (below) the PE950 specification of
<0.32 nm for wavelength accuracy.

2.4.3. Conclusion about wavelength accuracy

The origin of these inconsistencies, in particular between the
original nine-point measurements (Sect. 2.4.1), remains unclear.
It could be due to temporal instabilities and uncalibrated long-
term drifts of the PE950, or tolerances in the preparation and
execution of the measurements. While the 37-point data show
that the PE950 can deliver data with high internal consistency,
it is not clear whether this applies to the flight model data, for
which only a single measurement epoch is available. Therefore,
we assume that the nine-point flight model data have the same
uncertainties as the nine-point flight spare data.

The spatial interpolation of the local transmission is based

on nine data points; in these runs, the wavelength has a statis-

tical uncertainty of ooré, = 1.47nm (Sect. 2.4.1). Integration

over the interpolating function (Sect. 4) has an averaging effect
on these uncertainties, plausibly by a factor of V9. Here, we
were more conservative and set 050 = 0.8 nm for the cut-on and
cut-off wavelengths of the integrated transmission in Sect. 4.
The passband’s central wavelength, when approximated as the
midpoint between the cut-on and cut-off, has an uncertainty of

Teen = 050/ V2 = 0.6 nm.
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Fig. 5. Ray tracing of the NI-OA. Shown are the obstructed beams for three sources located at the centre of the focal plane and at two opposing
edges. The NI-OA consists of four lenses; the filter also acts as a lens, albeit only weakly. The dichroic element is located in the pupil plane of the
telescope and is not part of NISP. We notice how the beam paths cover different parts of the filter surface, because — contrary to the dichroic —
the filter is located outside the pupil plane. This leads to 10-23% of the passband variations in the focal plane due to local variations in the filter
transmission. The AOI on the filter changes noticeably for the three sources; this is the dominant cause for passband variations.

3. Root causes of the NISP passband variations

Passband variations, that is, changes in the cut-on and cut-off as a
function of position in the focal plane, must be accurately known
for Euclid to meet its requirements on photo-z accuracy. Two
factors contribute to passband variations. The first is increas-
ingly bluer transmission towards the filter edge, in combination
with a moving beam footprint across the filter surface (up to
23% of the total blueshift for NISP). The second is variations
in the AOI on the filter surface, in combination with the filter
coating’s effective refractive index, n.gs (up to 90% of the total
blueshift).

Euclid’s telescope is based on a Korsch design (Korsch 1977)
in an off-axis configuration (Laureijs et al. 2011). This leads to a
number of effects we need to account for when quantifying the
two factors introduced above: (i) a de-centred central obstruction
of the beam by the secondary mirror (Fig. 2); (ii) a tilted FPA,
and slightly tilted NISP optics; (iii) an elliptical beam footprint
shape; and (iv) AOI asymmetries on the planar and curved filter
surfaces. The results of our analysis in this section are used in
Sect. 4, where we compute the effective filter transmission and
its variation across the field of view.

3.1. Beam footprint geometry on the filter surface

In Fig. 5, we display the optical paths for three different point
sources at two edges and in the centre of the FPA. The corre-
sponding footprints on the filter surface have an annular shape
with outer and inner diameters of about 91.0 mm and 27.8 mm,
respectively (Fig. 6). The off-axis configuration leads to a slight
ellipticity and off-centred central obstruction. A single footprint
covers ~56% of the filter area, and its location on the filter sur-
face depends on the source position in the field of view (Figs. 5,
6); the footprint can move away from the filter centre by up
to 11.9mm. In combination with the spatially variable filter
transmission (Fig. 3), this causes a dependence of the effective
passband on the image field.

Depending on the position on the filter, the major axis of
the footprint changes between 8§9.8 mm and 92.9 mm. The foot-
print shapes are nearly circular, with differences from 0.0 to
1.3 mm between the minor and major axes. The circular obstruc-
tion has a diameter of 27.8 mm for the central footprint, and
scales correspondingly for footprints at the corners. The obstruc-
tion is spatially offset in the beam by 3.7mm (Figs. 2, 3, 6,
and 7).
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Fig. 6. Mean AOL, 6, computed from the AOI on the front and back
filter side, for different footprint positions on the filter surface. The coor-
dinate squares represent the largest area on the filter within which the
footprint can move: footprints displayed at the grid corners correspond
to the corners of the FPA. The linear obstructions by the three spider
arms — holding the secondary mirror — are too thin to be seen in this
representation. We actually worked with a 9 x 9 grid, but for this figure
every second row and column was omitted for clarity.

3.2. Transmission blueshift due to oblique AOI

Like all optical interference filters, the transmitted passband is
blueshifted with increasing AOI, 6, due to the changing phase-
difference of reflected and incident rays. The blueshift also
depends on the coating’s effective refractive index, n.g(1) (e.g.
Amra et al. 2021). In vacuum, and with the small angle approx-
imation applicable here, a particular passband feature seen at
wavelength A for 8 = 0° is blueshifted to

_( sing )2 ®
neff(/lO)

(for details, see Smith 2008; Lofdahl et al. 2011). The maximum
AOTI realized on the NISP filters is 6 = 7.5°; polarization splitting
due to polarization-dependent Fresnel reflections is ignored, as
it becomes important for larger angles, only.

A=A
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Table 1. Effective refractive index.

Design values Measured values

Filter pcu-on  pout-of cut-on peut-oft
Ye 1764 1759 1.75£007 1.79%0.12
J 1769 1776 1.66+0.09 1.78+0.10
He 1773 1773 174005 1.86+0.05

Notes. Columns 2 and 3 show the design values of the coating layer
stacks for the cut-on and cut-off wavelengths, and Cols. 4 and 5 show
the measured values for the flight model filters.

Thus, to compute the passband blueshift for a given footprint,
we had to determine two quantities: n.g from measurements
and/or the filter coating design (Sect. 3.3), and the spatial depen-
dence of 6(x, y), with x and y specifying the location where the
individual rays intersect the filter’s surface (Sect. 3.4).

3.3. Effective refractive index, N

While n.g is known from the coating design, imperfections in
the coating process cause thickness variations in the layers, and
thus modulate 7.¢. In Table 1 we list the expected and measured
values of n.g, obtained using Eq. (2) by comparing the cut-on
and cut-off determined from the OBJ measurements at 6 = 0°
and 6 = 7° (Sect. 2.3).

The nine-point measurements of n.¢ for the flight model fil-
ters show a RMS of up to 6%. This can be caused by local
thickness variations in the layers, and by the inherent wavelength
uncertainty of the PE950 data. The 37-point measurements —
having higher internal consistency — show subtler variations in
neg across the flight spare substrates, de-correlating for spatial
distances above 20-30 mm. Since we integrated the effective
passband over a ~90 mm beam footprint, the variations in neg
were smoothed accordingly. We thus adopted the mean of all
design values listed in Table 1, (n.g) = 1.769, similar to the
mean value (1.763) of the measured data. The error made by
this simplification — that is, constant n.g — is negligible (see
Sect. 4.4).
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3.4. AOI from Zemax optical ray tracing

As stated above, the sky-facing side of the NISP filters is slightly
convex, with a curvature radius of 10 000 mm, and their rear side
is flat; thus, the angles of incidence and exitance are different.
As mentioned in Sect. 2.2, a single passband flank is defined by
coatings on both surfaces, with more details undisclosed to us.
Since the angles of incidence and exitance of a ray differ at most
by [-0.32°; +0.25°], we simply used their mean value, 0. The
error made by this simplification was estimated by repeating the
computation for both angles or filter surfaces (see Sect. 4).

Using Zemax ray tracing, we determined the distribution of
0(x, y) on both filter surfaces for a grid of 9 X 9 positions in the
field of view. For each position, the pupil plane of the optical
system was sampled with a regular grid of 100 x 100 rays, some
of which were vignetted'.

The resulting values of 8(x,y) are shown in Fig. 6, where
every second footprint from the 9 X 9 grid is omitted for clarity.
In the computation of the effective transmission (Sect. 4), we
used a 2D spline interpolation for 8(x,y) for each node in the
9 x 9 grid. Averaging 6 for each footprint, we find (§) = 0.5° for
the central position; this fairly large value is caused by a delib-
erate small tilt of the NISP optics to optimise the image quality
in the off-axis system. For the footprints in the bottom and top
corners, we find (9) = 6.5° and 7.1°, respectively. Within a foot-
print, 8 varies by about =+ 0.3°; this is displayed in Fig. 7, where
we plot AD = —(0).

The conclusion of this section is that neg and &(x,y) are
well understood and accurately known for the computation of
the effective filter transmission, 7'(1), in Sect. 4.

4. Computing the filters’ effective transmission
4.1. Numerical integration with blueshift
4.1.1. Computational principle

Let #(4, x,y) be the local filter transmission for 6(x,y) = 0°,
where x and y are the Cartesian filter coordinates defined in
Fig. 2. For an oblique angle, 6, the blueshifted transmission,
¢, is found by looking up the original transmission, #, at the
correspondingly redshifted wavelength, A’,

74, x,y,0) =1 (X(0), x,y), 3
with

sin@ \* e
@ =a|1- (neff(/l)) } . 4

The scaling factor is just the inverse of the one in Eq. (2), used
to compute the blueshift.

In general, we have /(1) # #(1’), as the transmission at an
oblique angle decreases with respect to normal incidence. How-
ever, for small values of 6, and for angle-tuned coating designs,
this effect can be neglected: For NISP we measured a reduction
in mean peak transmission of 0.03%, 0.17% and 0.04% for Yg,
Jg, and Hg, respectively, for 6 = 7° with respect to 6 = 0°, and
thus Eq. (3) remains valid.

Now we consider a source image anywhere in the focal plane.
The corresponding chief ray intersects the filter substrate at a

1 The coordinate system used by Zemax for the filter plane must be
rotated by 180° to match the (x, y) filter substrate coordinate system, in
which OBJ performed the transmission measurements. Figures 6 and 7
use the filter substrate coordinate system.
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point P. The effective transmission, 7'(1), for the source is given
by integrating the local blueshifted transmission, #(1”), in the
filter plane over the annular footprint A centred on P,

T() = f t((0), x,y) d*A. (5)

A

To numerically compute this integral, we constructed a spline
interpolating function? to the nine-point data that sample
t(X(0), x,y). The interpolation was quadratic in the two spa-
tial dimensions and cubic in the spectral dimension. And we
replaced 6(x, y) by a spline interpolation of the mean AOI, (x, y)
(see Sect. 3.4).

4.1.2. Simplifications to the beam footprint geometry

To facilitate the numeric integration in Eq. (5), we simplified
the footprint geometry. The outer edge of the footprint is nearly
circular, with the largest ellipticity of 91.8 X 93.0 mm realised for
a source in one of the corners of the FPA. We approximated the
edge with a circle, taking the mean of the minor and major axes
as the radius. The circle’s diameter varies between 89.8 mm and
92.4 mm, depending on position on the filter substrate.

Likewise, the de-centred obstruction was considered circular.
We approximated it with a fixed diameter of 27.8 mm and a fixed
spatial offset of y = +3.7mm in the filter coordinate system,
independent of footprint location. Together, these simplifications
altered the cut-on and cut-off wavelengths by less than 0.01 nm,
and are ignored in our error budget.

4.1.3. Simplifications in the transmission integration

In Sect. 3.4, we show that, due to the unknown coating design,
we must use the mean AOI, 9(x, y), from the curved and planar
filter sides. To estimate the error made by this approximation, we
re-computed Eq. (5) for the central footprint position twice, once
using 6(x, y) for the curved side and once for the planar side. The
resulting wavelength shifts of the passbands’ cut-on and cut-off
are within [—0.014;0.017] nm with respect to the computation
for 9(x, y). Hence, this simplification is valid and the error small
enough to be ignored in the error budget.

4.2. Passband variations
4.2.1. Mathematical model for the total passband shift

To determine the variation in the cut-on and cut-off across the
focal plane, we evaluated 7'(1) for each node of the 9 x9 grid
introduced in Sect. 3.4. The results are displayed in Fig. 8,
for cold conditions and in vacuum (Sect. 4.3), in the physical
R_mosaic (z,y) coordinate system in which the positions of
the NISP detectors are accurately known. The transformation
of the filter coordinate system used in Fig. 6 to the R_mosaic
system is

ZR_mosaic = —XFilter (6)
YR_mosaic = —YFilter» (7)

meaning the panels in Fig. 8 are rotated by 180° with respect to
the panels in Fig. 6.

For accurate and unbiased photo-z measurements, we need
a mathematical prescription that provides the cut-on and cut-off

2 Using Mathematica’s Interpolation[] routine.

wavelengths for any position in the focal plane. To this end, we fit
2D third degree polynomials of the following form to the cut-on
and cut-off surfaces in the focal plane for each filter,

3 3
/lfj’g/Off(z,y)=ao+Zbizi+Zciyi. 8)
i=1 i=1

These fits have residuals with an RMS of o- = 0.011 nm, with a
maximum value of 0.06 nm (Fig. 9). The coefficients are listed
in Table A.l1. The inclusion of crossterms did not improve the
quality of the fits.

The maximum blueshift, Adyagr, seen by the FPA increases
about linearly with wavelength, from 2.7 nm for the Yg-band cut-
on, to 5.8 nm for the Hg-band cut-off. These values are also given
in Table 3 and shown in Fig. 10.

By setting 8 = O for all rays in the computation, we switched
off the dependence on the AOI and computed the contribution
of the intrinsic filter variations only. We find that they contribute
between 10-23% to the total focal plane variations. The pub-
lished NISP response curves (Sect. 7.2) were computed for an
object at the centre of the FPA, near the location where the cut-on
and cut-off have their longest wavelengths (Fig. 8).

4.2.2. Passband variations for the field corners due to
uncertainties in Neg

In Sect. 3.3, we reviewed the uncertainties and variations in 7.
They enter T(A) through Eq. (4), increasing or decreasing the
blueshift in the field corners with respect to the field centre. For
a conservative estimate, we re-computed 7'(1) twice, increasing
and decreasing n.g by 5%, and find the following:

At the centre of the FPA, where the typical AOI is 6 = 0.5°,
the passbands always shift by 0.002nm or less. The published
response curves (Sect. 7.2) are computed for this footprint. At the
corners of the FPA, with typical values of § = 7°, however, sig-
nificant shifts occur. If n.g is larger (smaller) by 5%, the blueshift
Adpegr for Yg, Jg, and Hg increases (decreases) by 0.2, 0.3 and
0.4 nm, respectively. In relative terms, the difference of the cut-
on wavelength between the centre of the FPA and its corners
increases (decreases) by 7-10%; same for the cut-off.

4.2.3. Passband variations and effect on source photometry

Without correcting for passband variations, the measured flux
of a source depends on its position in the field of view, for two
reasons. First, the blueshifted passband selects a different part
of the source’s spectral energy distribution (SED), increasing or
decreasing the measured flux. Second, the cut-off experiences
a larger blueshift than the cut-on when moving from the cen-
tre of the FPA to a corner. This ‘passband compression’ reduces
the widths of the Yg-, Jg, and Hg-bands by 0.7, 0.8 and 1.2 nm,
respectively, resulting in a SED-dependent flux reduction.

To estimate the joint amplitude of both effects, we used the
catalogues from the Euclid SC8 (‘science challenge 8’), simu-
lating 100 deg? of sky with realistic SEDs as they will be seen
by the Euclid Wide Survey (Euclid Collaboration 2022). We
randomly selected 1.8 million stars and 1.1 million redshifted
galaxies from the SC8 catalogues (see Sect. 6.2.1 for details) and
computed the difference in source photometry for a position at
the centre of the FPA and another one in the most blueshifted cor-
ner. The results are shown in Fig. A.l for galaxies and Fig. A.2
for stars. The effect on individual source photometry is of the
order of 1-5mmag. The differential photometry for galaxies
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shows a very low but also broad tail up to 0.6 mag. This tail com-
prises galaxies with bright emission lines that shift in — or out —
of a passband as the source moves across the field of view. In
principle, if such emission line galaxies were identified in the
survey data, they could be used to improve the knowledge error
of the passbands’ cut-on and cut-off as tabulated in Table 3.

Due to the slightly reduced transmission at oblique AOI,
generic flux losses of up to 0.2% can occur in the corners
of the focal plane (Sect. 4.1.1). This effect is systematic and
automatically removed by the illumination correction procedure
in the data processing pipeline.

4.3. Temperature and vacuum wavelength shifts

The transmission measured at ambient temperature3, 7, and pres-
sure will change in vacuum and at near cryogenic temperatures.

3 In order to not mix up transmission and temperature, we denote
temperature by 7 throughout this paper.
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square. R_mosaic (z,y) is a physical coordi-
nate system in the focal plane, to describe —
among other factors — the detector positions.

The temperature dependence is caused by the thermal contrac-
tion of the dielectric coating layers, as well as a change in neg
(e.g. Tan & Arndt 2000, for SiO5).

To quantify these effects, Yg-, Jg-, and Hg-band coating
samples were cryocycled in a vacuum chamber at Martin-Luther-
University Halle-Wittenberg (Germany), while simultaneously
recording their transmission. We determined the cut-on and cut-
off in the same manner as for the actual filters. As expected, the
passbands redshift slightly when going into vacuum, and expe-
rience a larger blueshift when cold; the combined effect on the
passband flanks is shown in Fig. 10.

4.3.1. Temperature dependence

The temperature-related blueshift is normally computed
with the Sellmeier equation (see Fang et al. 2019, for a
review). Here, however, since the transmission was mea-
sured at two temperatures only, we linearly fit the cool-down
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Fig. 9. Joint wavelength residuals of the polynomial fits to the passband
variations, for all filters (their cut-on and cut-off; see also Fig. 8). The
RMS is o = 0.011 nm; 92% of the residuals are smaller than 0.02 nm.

Table 2. Fit parameters to compute the blueshift for cool down, Eq. (9),
and the redshift for the transition to vacuum, Eq. (10).

Cold effect Vacuum effect
Filter D1 D2 q1 q2
Ye 0.155 -7.321x10* 0.0376 1.591x107*
JE 5603 -5.680x1073 02243 -—1.464x10™*
Hg 0.707 -1.083x107 0.0788 —1.443x107°
blueshift as
T —T A
At = = (py 4 p2 7). ©
T —To I nm

with 71 = 295K and 19 = 120K given by the setup, and p; and
p» are the filter-dependent fit coefficients in Table 2.

The expected in-flight filter temperature is 7 = 132 K. The
central wavelengths of the Yg-, Jg-, and Hg-band filters shift by
—0.60 nm, —2.04 nm, and —1.13 nm, respectively. We corrected
all wavelengths for their individual temperature dependence,
A/1'[‘emp (r, D).

We note that 7 = 132K is the temperature we used for the
passbands’ characteristics reported in Table 3. It is unlikely that
the passbands need to be corrected for the actual in-flight tem-
perature that will only be known after launch; the expected
temperature bracket for the NISP optics is 130-135 K. For ref-
erence, a change by +1K in filter temperature would cause a
redshift by 0.004-0.012nm, only. Furthermore, the error we
made by using the linear fit in Eq. (9) instead of the nonlinear
Sellmeier equation is less than 0.1 nm, and therefore neglected.

4.3.2. Vacuum dependence
In analogy to the temperature dependence, we computed a linear
fit of the passband redshift when going into vacuum,

A
Advac(D) = q1 + q2 7—— 10)

Inm’
The coefficients are collected in Table 2. The corrections are
minor, amounting to 0.21 nm, 0.023 nm, and 0.053 nm at the
central wavelengths of the Yg-, Jg-, and Hg-band filters, respec-
tively. As for the temperature dependence, we corrected all
wavelengths for their individual vacuum dependence.

4.4. Summary of the relevant passband uncertainties

In Sect. 3.3, we discussed the uncertainties of n.¢ and used a
constant (n.g) = 1.769 for all filters. In Sect. 4.2.2, we esti-
mated corresponding errors of the cut-on and cut-off of 0.2,
0.3, and 0.4 nm for filters Y, Jg, and Hg, respectively, for the
corners of the FPA. This error is negligible at the centre of the
FPA.

In Sect. 2.4.3, we placed a conservative measurement accu-
racy for the cut-on and cut-off wavelengths of 0.8 nm, applicable
to all filters. Adding in quadrature the errors for n.g as given in
the previous paragraph, we obtained increased total uncertainties
in the FPA corners of 059 = 0.8, 0.9 and 0.9 nm, respectively,
for the three bands. The estimated uncertainty for the pass-
bands’ central wavelengths is on = 0.6nm for any point in
the field of view, for all bands. The uncertainties are listed in
Table 3.

All other uncertainties, and errors made due to simplifica-
tions, are below 0.1 nm and neglected.

4.5. Effect on photometric redshifts

Since photo-z estimates are one of NISP’s principal purposes,
we briefly describe the effect of the derived passband knowl-
edge uncertainties on the photo-z estimates. Obviously, the effect
is highly dependent on the sources’ redshifted SEDs, and on
the uncertainties of complementary optical passbands used. It
is beyond this paper to quantify this accurately. Nonetheless, a
simple example illustrates the overall suitability of the computed
NISP passbands for photo-z purposes:

We consider the 0.95-1.21 um range of the Yg-band
(Table 3). The characteristic 4000 A break falls within the Ye-
band for redshifts z € [1.375,2.025]. If the 4000 A break was
the sole spectral feature determining the photo-z of a source,
then the uncertainty in the central wavelength, o, = 0.6 nm,
would introduce a redshift bias of Az = 0., /400 nm = 0.0015,
compared to the requirement of 0.002 (1 + z) = 0.0048 for z =
1.375. Hence, in this example, the knowledge error of the pass-
band flanks is sufficient. In practice, there are many sources
of bias, which need to be quantified with realistic simulations
for a wide range of redshifted SEDs, folding in complementary
ground-based observations and their uncertainties (e.g. Euclid
Collaboration 2021). We remark that the bias Az can be cali-
brated, as well as the effects of the passband variations across
the focal plane.

5. Total system response

Euclid observes simultaneously with NISP and its Visible
Instrument (VIS; Cropper et al. 2012) using a dichroic beam
splitter. To prepare well-defined input passbands for both instru-
ments, Euclid relies on a finely orchestrated balance of mirror
coatings, the dichroic, filters, the NISP optical assembly (NI-
OA; see Sect. 5.1.2), and detector QE, as illustrated in Fig. 11,
and more quantitatively in Fig. 12. While the NISP filters alone
define the cut-on and cut-off wavelengths, it is only in conjunc-
tion with the other elements that excellent out-of-band blocking
is achieved. The total NISP transmission is therefore given by

Tiot(A) = Tte1(A) Tnr-oa(d) Trier(A) Tor(Ad), (11)

where T (1) is the telescope contribution, accounting for the
mirrors and the dichroic. Dependencies of the individual fac-
tors T on the AOI are negligible. We explain Euclid’s chromatic
selection function (Figs. 11 and 12) in the following.
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Fig. 10. NISP passband flanks and variations. The solid red lines show the local transmission at the filter centre (Fig. 2). The solid blue lines show
the combined vacuum and temperature shifts on the red curve. The thick black lines show the effective transmission after integrating over the
central beam footprint (centred on the white squares in Fig. 8), cold and in vacuum. The coloured areas enclosed by dashed lines show the range
of blueshifts seen by the FPA: the leftmost dashed line corresponds to the bluest FPA corners and the rightmost to the reddest passband near — but

not necessarily coincident with — the FPA centre. The grey rectangles show the maximum spread, Ady,z

M1+M2 FoM1+2 M3  Dichroic Ye Je H filters
+ NI-OA
>2.15pm undetected
0.92-2.15 ym NISP science NISP
0.54-0.92 pm VIS science FPA
0.42-0.54 pm !
— FoM3

VIS FPA

Fig. 11. Chromatic selection function of the Euclid optical elements.
The VIS detectors have zero QE for photons with 4 > 2.15 pm. The
exact behaviour of the dichroic above 2.2 um is unknown: longer wave-
lengths could enter NISP and would be blocked by the filters (see
Sect. 5.1 and Fig. 12 for more details).
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on/off ¢ the cut-on and cut-off.

5.1. Euclid’s chromatic selection function
5.1.1. Telescope transmission

The telescope optics common to VIS and NISP consists of — in
this order — the primary mirror M1, the secondary mirror M2,
folding mirrors FoM1 and FoM2, the tertiary mirror M3, and
the dichroic element. M1, M2 and M3 are coated with protective
silver and provide a very broad wavelength coverage longwards
of 0.34 um. After the dichroic and in the VIS optical path only,
folding mirror FoM3 is also coated with protected silver.

At wavelengths of 0.5 um and below, VIS and NISP have
considerable QE, which is undesirable for both instruments: At
these wavelengths, galaxy images are increasingly dominated by
intrinsic substructures, adding noise to the VIS weak lensing
shape measurement; and for NISP, unfiltered UV/blue photons
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Table 3. Summary of the Euclid NISP AB mag photometric system.

NISP spectral response characteristics

Filter 0.1% cut-on 50% cut-on 50% cut-off 0.1% cut-off Acen  Width  (Tpear) 7P
(nm) (nm) (nm) (nm) (nm) (nm) (AB mag)
Ye 937.5 949.6 1212.3 1243.2 10809 2627  0.772 25.04
Jg 1151.1 1167.6 1567.0 1595.0 1367.3 3994  0.790 25.26
Hg 1495.6 1521.5 2021.4 2056.8 17714 4999  0.782 25.21
Wavelength uncertainty (centre of FPA) Wavelength uncertainty (corner of FPA)
Filter 50 O cen 50 Ocen
(nm) (nm) (nm) (nm)
YE 0.8 0.6 0.8 0.6
JE 0.8 0.6 0.9 0.6
Hg 0.8 0.6 0.9 0.6

Notes. Wavelengths and their uncertainties are computed from higher precision data and rounded to one digit. The first half of the table lists
the global passband characteristics; ‘width’ refers to the distance between the 50% cut-on and cut-off wavelengths, (Tc.) to the mean in-band
response, and ZP to the photometric zero point in the AB system. The second half of the table lists the total uncertainties of the cut-on and cut-off

wavelengths, o5y, and that of the central wavelength, o cep,.

would contaminate the NIR photometry. Therefore, folding mir-
rors FoM1 and FoM2 have dielectric coatings including three
layers of gold, each. By means of destructive interference and
absorption, these layers block light shortwards of 0.42 um, reach
maximum reflectivity at 0.50 um, and maintain it beyond 2 pm.

The dichroic has a complex wavelength selection function
(Figs. 11 and 12). It cuts out a wavelength range from 0.54—
0.93 um and reflects it to VIS. Photons within 0.93-2.15 um
are transmitted to NISP. Photons below 0.54 um are also sent
to NISP, and are blocked by the filters and — partially — by the
NI-OA (Sect. 5.2). Photons above 2.15 um are mostly reflected
to VIS again. This does not matter for VIS, as the CCDs do not
detect photons longwards of ~1.1 um. The dichroic’s reflectance
was not determined nor specified beyond 2.2 um. The NISP fil-
ters block out to 2.9 um (Sect. 5.2), and the detectors have a QE
cut-off at 2.3 um (Sect. 5.1.3).

The combined transmission, 7j(4), of this arrangement
entering the NISP instrument is shown as the black line in
Fig. 12. More details can be found in Venancio et al. (2020).

5.1.2. NISP optical assembly (NI-OA) transmission

NISP carries four lenses, collectively known as the NI-OA
(Bodendorf et al. 2019; Grupp et al. 2019); their transmission
was not measured. However, we have the transmission from wit-
ness samples that were present in the coating chamber, used by
industry to demonstrate that a minimum transmission require-
ment has been exceeded. The joint transmission of these witness
samples is shown as the pink curve in Fig. 12.

This transmission estimate varies between 0.93-0.96 over
the 0.95-2.02 um range. It is unclear whether these variations
are also replicated in the flight model optics that may deviate
by several percent. Steep gradients are not expected across this
wavelength range, since only a few coating layers were used. The
true transmission of NI-OA will be constrained further in-flight,
once observations of white dwarf (WD) spectrophotometric
standard stars are available (Sect. 6.3.2).

The NI-OA blocks photons below 0.58 pum, apart from a nar-
row transmission window between 0.46—0.52 um that overlaps
with wavelengths transmitted by the dichroic. The residual opti-
cal transmission into NISP is suppressed by the filters (Sect. 5.2).

5.1.3. NISP detector quantum efficiency

The NISP detectors have a sharp QE cut-off at 2.3 um, controlled
by the Cd concentration in the HgCdTe alloy (Rogalski 2005).
This provides further rejection of long wavelengths, in addition
to the dichroic sending most photons above 2.15 pum to VIS.

The QE was measured for each pixel in steps of 50 nm from
0.60 to 2.55 um (Waczynski et al. 2016). The relative accuracy —
that is, the knowledge error of the QE curve shape — across this
wavelength range is 1%. The absolute scaling is uncertain to 5%,
since the pure QE is difficult to disentangle from the detector
gain (Secroun et al. 2018, and A. Waczynski, priv. comm.). For
the computation of the out-of-band blocking, only, we linearly
extrapolated the QE to zero from 0.60 um to 0.30 pm.

The mean QE curves of the detectors are very uniform
across the 0.95-2.2 um range (Bai et al. 2018), and within just
a few percent of each other. Computed for individual detectors
at monochromatic wavelengths, the pixel-to-pixel RMS is 1.2—
2.4% globally, and 1.0% locally. Their impact on the passband
flanks is entirely negligible.

For this paper, we use the mean QE (blue line in Fig. 12)
computed from all pixels of 14 out of the 16 detectors. We
excluded one detector because of its slightly lower QE below
1.0um, and another because of its increasing QE towards
2.0um. The original QE values between 1.65-1.75pum are
excluded from all detectors due to a measurement artefact, and
replaced by a local, linear interpolation.

5.2. NISP out-of-band blocking and flux contamination
5.2.1. Out-of-band blocking

By requirement, the NISP filters must reject light to better than
103 long- and shortwards of their passband; the requirement
over the VIS range from 0.54-0.93 pm is relaxed to 1072, since
these photons are directed to VIS already. The blocking of the
flight model filters was measured locally at the centre of the
substrates, in steps of 2 nm from 0.3 to 2.9 um.

With a transmission of 107 to 1077 below 0.55 um, the fil-
ters eliminate the residual transmission from the dichroic and the
NI-OA. Between 0.55 um and the filters’ cut-on, and longwards
of the filters’ cut-off, the blocking is better than 107>~107%.
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Fig. 12. Transmission of elements in the NISP optical path. The telescope component (black line) contains all mirrors and the dichroic; the latter
redirects the 0.54-0.93 um range to VIS and cuts off at 2.15 um. The pink line shows the transmission of the NI-OA. The blue line shows the
interpolated mean detector QE, originally measured at 50 nm intervals. The thin lines show the effective filter transmission integrated over the
beam footprint, and the shaded areas the total response (accounting for the filter, telescope, NI-OA, and QE). The residual optical transmission

from the dichroic and the NI-OA between 0.45 and 0.54 um is fully suppressed by the filters’ out-of-band blocking (see Fig. 13). These curves do

not include effects from particulate contamination.
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Fig. 13. Joint NISP out-of-band blocking, including flight model filters, telescope, NI-OA, and QE. The curves are the same as the shaded curves in
Fig. 12, with the difference that the blocking was measured at the filter centre only, in wavelength steps of 2 nm. We smoothed the data on a 20 nm
baseline to reduce the noise at the lowest transmission levels. The residual optical transmission from the dichroic and the NI-OA at 0.45-0.54 um
(Fig. 12) — shortwards of the VIS bandpass — is suppressed by a factor >4 X 10~7. Overall, blocking is excellent across the full wavelength range.

The NISP total out-of-band blocking, including telescope,
NI-OA, filters, and QE, is shown in Fig. 13. Below 0.9 um, the
blocking is 1077 or better. Above 2.2 pum, the blocking is 1073,
improving to 1077 at 2.4 um, although there are uncertainties
from extrapolating the telescope transmission to longer wave-
lengths. Between 0.9 and 2.2 um, the blocking is at least 1074,

5.2.2. Flux contamination from out-of-band photons

To estimate the contribution from out-of-band photons to the
‘measured flux” — that is, the total flux reaching the detec-
tor including out-of-band light — we considered sources with a
power-law SED f, oc v for frequency v. For @ = 1 and a = -3,
the sources are blue and red with Jg — Hg colours of —0.27 mag
and +0.84 mag, respectively, in the AB mag system. We also
considered o = 0, that is, sources whose AB mag colours are
Zero.

We then computed the ‘in-band flux’ by integrating f, T(v)
within a passband’s 0.1% cut-on and cut-off wavelengths
(Table 3), with T'(v) as shown in Fig. 13. The predicted
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measured flux was obtained by integrating over the frequency
range corresponding to the 0.35-2.50 pm interval.

Accordingly, the maximum relative contribution from out-
of-band flux — outside the 0.1% cut-on and cut-off — to the
total flux in the Yg- and Jg-bands is 1.4 x 1073 and 2.3 x 1074,
respectively, for red SEDs with @ = —3. For Hg-band, we find
a maximum contribution of 1.9 x 10~* for the blue SED with
a = 1. Out-of-band contamination of the NISP photometry
is therefore at most at the level of 2 mmag, and more typi-
cally 0.2 mmag, negligible for virtually all practical purposes.
This is not restricted to wavelengths within 0.35-2.50 pm,
since there is essentially no sensitivity or response outside this
range.

5.3. In-flight changes of the total fransmission

The transmission of the elements presented in this section will
slowly degrade with time. In practice, Eq. (11) becomes

Ttot(/l’ tm) = TTel(/l) TNI-OA(/U TFilter(/l) TQE(/D TEVO](/L tm)-
(12)
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Here, Tgyoi(A, 1) absorbs the combined evolution of the other
four factors with progressing mission time, f,. At the end
of Euclid’s life time, we expect an unrecoverable reduction
of 5% in the response, or Tgy(d) ~ 0.95. Several factors
contribute:

During launch, particulates in the spacecraft and in the rocket
fairing will be redistributed because of acoustic and mechanical
vibrations. This leads to an increased contamination of Euclid’s
primary mirror, and therefore increased optical scattering.

Once in orbit at L2, Euclid will be subject to space weather-
ing from radiation damage and dust pitting that lower the system
transmission. Radiation damage, for example, can darken dielec-
tric coatings, an effect that is minimised by protective coating
layers; see Sheikh et al. (2008) for the Kepler space telescope,
and also Pelizzo et al. (2021).

Proton and electron radiation can degrade the QE of HgCdTe
photodiodes such as in the NISP HAWAII-2RG detectors, as
damage displacement in the alloy generates recombination cen-
tres. The expected total ionisation dose at L2 for the NISP
detectors at the end of the mission is 2.5 krad; any reduction in
QE, whether chromatic or achromatic, is expected to be minor.
We note that QE degradation due to radiation damage is highly
dependent on the photodiode architecture (see, e.g. Sun et al.
2020; Crouzet et al. 2020), and can thus be very different for
instruments other than NISP.

Surface pitting by dust and meteoroids (Rodmann et al. 2019)
as well as by electrons (Simonetto et al. 2020) increases the
micro-roughness of optical surfaces, and thus the wavelength-
dependent scattering. The sky-facing primary mirror, in
particular, will be subject to surface erosion. The level of dust
pitting at L2 is fairly well known (Griin et al. 1985; Gaia
Collaboration 2016).

Material outgassing in vacuum (Green 2001; Chiggiato
2020) will contaminate Euclid’s optical surfaces, mostly with
water ice. This alters the total transmission by wavelength-
dependent scattering, interference, and absorption. Contrary
to radiation damage and surface erosion, this process is
reversible by heating the spacecraft, restoring Tgyo1(4, fm) closer
to 1. We will discuss contamination effects in a forthcoming
paper.

There are also indirect effects. Electron bombardment low-
ers the efficiency of a spacecraft’s multi-layer insulation thermal
blankets (Engelhart et al. 2017), resulting in increasing internal
temperatures and, thus, a — most likely negligible — redshift of
the passbands (Sect. 4.3).

Apart from this temperature effect, the cut-on and cut-off
wavelengths are unaffected by these processes. Primarily, the
system response — in practice, Tgyoi(4, ) — will gradually reduce
over time, which we track with a tight in-flight calibration
program (Sects. 6.3.2 and 6.3.3).

6. The NISP photometric system
6.1. Photometric zero points

In general, the number of photo-electrons created per second in
a detector in the frequency interval [Viin, Vmax] 18

ne = Aegr f % Tit(v) dv,

Vmin

(13)

where A is the effective collecting area, f,(v) the source’s spec-
tral flux density in frequency units, 4 = 6.602 x 1077 erg Hz™!
Planck’s constant, v the photon frequency, and Ti(v) the total

‘transmission’ (i.e. the probability that a photon entering the tele-
scope is converted to a photo-electron) as given in Sects. 4 and
5. We assume a perfect detection and extraction chain, meaning
a photo-electron created in a pixel is registered by the readout
electronics and caught by software processing.

Euclid’s photometric measurements will be given in the
AB magnitude system (Oke & Gunn 1983), where the rela-
tion between monochromatic (i.e. per frequency interval) AB
magnitude and spectral flux density is*

S

mag = —2.5 10g10 (W) + 8.90. (14)

This equation is also valid for a broad-band observation in case
of a frequency-flat source spectrum.

We define the photometric zero point (ZP) of a Euclid broad-
band observation as the magnitude of a source creating a single
photo-electron per second, or 7. = 1™, Assuming a frequency-
flat source spectrum, f,(v) = const, we solve Eq. (13) for f,,
replace it in Eq. (14), and find the ZP as

Vmax

Ae Tio
ZP = map = +2.5 log, ﬁ (17Jy) f%(y) dv]+8.90. (15)
(5

Vmin

Using Aeg = 9.926 x 10% cm? (L. Venancio, priv. comm.), for
Euclid

Vmax

ZP = 26.84 + 2.5log,, f dv. (16)

Tio(v)
v
Vinin

Setting viin and v,y to the frequency interval where Ty (v)
exceeds 0.1% of the mean peak total transmission (see Table 3),
we derive the following AB mag photometric ZPs,

ZPy, = 25.04 +0.05 mag, (17)
ZP;. =25.26 £0.05 mag, (18)
7Py, = 25.21 +0.05 mag. (19)

When computed for the 50% cut-on and cut-off wavelengths,
these ZPs decrease by 0.01 mag.

The uncertainty of these ZPs is dominated by the 5% uncer-
tainty of the absolute QE measurement (Sect. 5.1.3). For com-
parison, the absolute accuracy of the spectrophotometers used to
measure the mirror reflectances, and the NISP filter and dichroic
transmissions, is 0.02-0.2%. An initial in-flight flux scaling will
tie the NISP photometric system to a WD spectrophotometric
standard star with known absolute flux (Sect. 6.3.2), constrain-
ing the ZPs much more accurately. Yet, throughout the mission,
the ZPs will slowly evolve as explained in Sect. 5.3.

6.2. Transformations to other NIR systems

The NISP photometric system, summarised in Table 3, is
geared towards photo-z measurements. It deviates considerably
from common ground-based NIR systems, such as 2MASS
(Carpenter 2001), Mauna Kea Observatories (MKO; Leggett
et al. 2006), VISTA (Gonzalez-Fernandez et al. 2017), and
UKIRT (Hodgkin et al. 2009), the latter being built upon MKO
(see also Hewett et al. 2006). All of these are primarily dictated
by the atmospheric transmission windows (Fig. 1).

4 We use units of 1Jy = 1073 ergs™' em 2 Hz™! for the spectral flux
density, to avoid cluttering by units in the logarithms.
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6.2.1. Linear transformations for stars and galaxies

In Appendices B to E we provide linear transformations between
these external photometric systems and the NISP photometric
system. The transformations are based on the Euclid SC8 cata-
logues, containing realistic SEDs for 100 deg? of sky as it will
be seen by the Euclid Wide Survey (Euclid Collaboration 2022).
We randomly selected 1.8 million stars and 1.1 million redshifted
galaxies from the SC8 catalogues, and computed their colours in
the NISP, 2MASS, MKO, and VISTA photometric systems.

The stellar catalogue is composed of Besancon models at the
faint end, and the observed stars of Pickles & Depagne (2010) —
their Table 15 in the online edition — for the bright end (1.8 mil-
lion in total). Late M-type stars and L and T dwarfs (hereafter
‘MLT types’) are from Euclid Collaboration (2019) (61 000 in
total).

The galaxy catalogue in SC8 is built on the Euclid flagship
simulation supported by CosmoHub® (Tallada et al. 2020). The
templates are based on Ilbert et al. (2009), in turn relying on the
templates by Bruzual & Charlot (2003) and Polletta et al. (2007).
Included are effects from two different internal extinction laws
(Prevot et al. 1984; Calzetti et al. 2000).

We then fit — for the galaxies and stars separately — linear
relations, including a constant offset, of the form
Yo =Jg +co+cy (Y —JB). 20)
In this example, an instrument A Y-band magnitude is estimated
from instrument B Y- and J-band magnitudes. Simple y? min-
imisation yields the ¢ and c; coefficients, including a 3 o~ outlier
rejection, and we chose the neighbouring bands that produced
the best fit for each case.

Higher-order polynomial fits did not significantly reduce the
fit residuals. We also find that when a constant offset c( is
included in the fit as we do here, then there is no significant ben-
efit in using more than two bands. For the majority — but not all —
of the conversions even a two-band linear fit omitting the offset
produces results with errors almost as low as the ones listed in
Appendices E and B.

The fits were performed for the following object classes.

Galaxies. Equations (B.1) through (B.13) convert 2MASS,
MKO, and VISTA NIR magnitudes to NISP magnitudes.
Equations (B.14) through (B.22) convert in the other direc-
tion, from NISP magnitudes to 2MASS, MKO, and VISTA
magnitudes.

Stars without MLT types. Likewise, see Egs. (C.1) through
(C.13) and Egs. (C.14) through (C.22).

MLT types. Likewise, see Egs. (D.1) through (D.13), and
Egs. (D.14) through (D.22).

Stars of all spectral types. Likewise, see Egs. (E.1) through
(E.13), and Egs. (E.14) through (E.22).

6.2.2. Limitations of the linear transformations

The colour range for which the transformations are applicable
is given by the x-axes of the plots in Appendices B to E. The
plots encompass 99% of the sources in the SC8 catalogues, and
therefore the validity range can be considered universal for these
simple parameterizations.

The transformations for galaxies have residuals of 0.04—
0.06 mag, and are therefore usable for many purposes needing

5 https://cosmohub.pic.es
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a simple translation between the different photometric systems.
Notable exceptions are the computed Z- and K;-band magni-
tudes, where residuals amount to 0.1-0.2 mag.

The transformations for stars of spectral types O to K have
residuals of 0.02-0.04 mag. Notable exceptions are the com-
puted Z-band magnitudes, with residuals as large as 0.11 mag.
The transformations for MLT types have residuals of 0.04—
0.12mag. Notable exceptions are the Z-band magnitudes, with
residuals up to 0.38 mag. When working with such red types, the
photometry package (Sect. 6.2.3) should be used. The trans-
formations for stars of all spectral types (O to K, MLT) have
residuals of 0.03-0.08 mag. Again, notable exceptions are the
Z-band magnitudes with residuals up to 0.25 mag.

As a caveat, we emphasise that the SC8 catalogues are rep-
resentative for the Euclid Wide Survey area at galactic latitude
[b| = 30°. The stellar disk population is therefore underrepre-
sented in these catalogues, as are lines of sight of appreciable
dust extinction (Euclid Collaboration 2022). Our transformations
must therefore be used with caution when working at low galac-
tic latitudes. While the Euclid Wide Survey does not extend
into the galactic plane, observations during a future mission
extension could do so.

We emphasise that all transformations between filter systems
given in this paper are computed in the AB mag system. The
2MASS magnitudes in Cutri et al. (2003) are given in the Vega
system. Before they can be used in any of our transformations,
they must be converted to AB magnitudes, for example using the
conversions by Pons et al. (2019).

6.2.3. A Python transformation tool

The linear transformations provided in this paper should be use-
ful for many general purposes. However, individual objects may
deviate by 0.1 mag or more, in particular for galaxies and very
blue or red sources (see Sect. 6.2.2, and Figs. E.1 to B.2).

For accurate photometry and filter systems other than the
ones presented here, we recommend to use the external, stand-
alone Python photometry® package. The NISP response curves
of this paper have been integrated in photometry, which
includes a notebook’ showing how to re-compute magnitudes
in other passbands for arbitrary stellar and non-stellar SEDs.

6.3. In-flight lifetime of the NISP photometric system
6.3.1. Validity

At the time of this writing, Euclid is still at least one year from
launch. The transmission measurements presented here are not
expected to change significantly until launch. The space-grade
optical coatings are very durable, and all hardware is kept in
clean conditions in a controlled environment up to and includ-
ing launch. Only a small degree of particulate contamination
is expected during this time, which is well under control, and
whose additional contribution to the flux loss will be much
smaller than the uncertainty of 5% for the absolute detector QE.

Therefore, the cut-on and cut-off wavelengths presented in
this paper are not expected to change, neither due to the remain-
ing time on-ground nor during flight. What will change over time
is — to first order — the overall response as encoded in the ZPs of
Sect. 6.1. This will be tracked using a tight calibration program
outlined in Sects. 6.3.2 and 6.3.3. Hence, the AB magnitudes of

6 https://github.com/haussel/photometry
7 See notebooks/Euclid_TU_checks.ipynb in the photometry
source tree.
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sources reported in future Euclid data releases are unaffected by
(i.e. corrected for) any response losses.

Second-order effects arise due to wavelength-dependent
changes of the response. For example, scattering by dust and
water ice on optical surfaces is larger at shorter wavelengths,
making objects appear redder than they are. In Eq. (12), we have
absorbed the time dependence of the response in the additional
term Tgyoi(A, tm). The Euclid calibration program (Sects. 6.3.2
and 6.3.3) has been specifically developed to determine and
monitor Tgyo(4, ty) with great accuracy. This will eventually
even enable SED-dependent corrections of source fluxes, once
our understanding of the system and Tgyoi(4, f,) has matured at
later data releases.

Conclusively, we expect that the NISP photometric system
presented in this paper will maintain its validity throughout
the mission. This should also hold for the linear transformation
equations in Sect. 6.2, whose uncertainties are dominated by the
large diversity of the redshifted source SEDs. In the following
two sections, we summarise the in-flight maintenance.

6.3.2. Absolute calibration observations

The absolute flux calibration of NISP must be known to bet-
ter than 5% of established reference photometric systems; we
expect to achieve about 1-2%. To this end, Euclid will observe
one of several suitable WD spectrophotometric standard stars on
a5 x5 grid per detector and per filter, before the beginning of the
routine science observations; hot, stable WDs are excellent flux
calibrators (Bohlin 2014; Bohlin et al. 2020). Euclid will also
take spectra of a WD on five positions per detector. Furthermore,
one of the Euclid WDs is located in Euclid’s self-calibration field
(Sect. 6.3.3), which is visited regularly on a monthly basis.

Our approved Hubble Space Telescope (HST) program (ID
#16702) has begun obtaining NIR spectra of a total of six WDs
in Euclid’s survey area. These data will tightly connect the NISP
photometric system to the well-known HST photometric system
(Bohlin & Deustua 2019). Other spectrophotometric standards
that happen to be in the survey area will be used for additional
spot checks of the absolute calibration.

6.3.3. Relative calibration observations

NISP’s relative photometric accuracy must be better than 1.5%.
To fulfil this requirement — independently of the WD obser-
vations — Euclid will observe a self-calibration field every
25-35 days (Euclid Collaboration 2022). It is located at aypp0 =
268°813 and dyp00 = +65°29 near the North Ecliptic Pole
(NEP), within Euclid’s continuous viewing zone, and covers
an area of ~3.0deg?. Each visit will reach a depth of about
25.4 AB mag in the NISP bands, one magnitude deeper than the
Euclid Wide Survey. At each dither point, VIS and NISP images
in all bands will be taken, including a NISP spectroscopic expo-
sure. Over time, the Self-cal field will become the deepest Euclid
field.

The Self-cal field contains about 40000 unsaturated stars
in the J = 16.5-24.0 AB mag interval, with a signal-to-noise
ratio of §/N > 10. Gaia Collaboration (2019) have shown that
about 9% of all Gaia stars are variable down to a precision of
5-10mmag. Even if half of all stars detected by Euclid were
variable, the statistical basis for ZP monitoring is excellent, also
because variability between stars is uncorrelated. We expect to
detect ZP changes down to 1-2 mmag, per NISP detector, and in
two disjoint colour bins (SED bins) per filter. In case needed, we
can fold in twice as many galaxies to improve the statistics.

Table 4. Excerpt of the published NISP response and transmission
curves (abridged, reduced numeric precision).

WAVE T_TOT T_FILT T_TEL T_NIOA T_QE
943 0.0276  0.0372  0.8670 0.9383 0.9121
944 0.0442  0.0594 0.8680 0.9393 0.9126
945 0.0619  0.0831 0.8676 0.9403 0.9132
946 0.0834 0.1117  0.8686 0.9412 09137
947 0.1244  0.1660 0.8698 0.9422  0.9142
948 0.1913  0.2548 0.8704 0.9431 0.9147
949 0.2969  0.3944  0.8716 0.9440 09151
950 0.4310 0.5714  0.8719 0.9449 0.9156
951 0.5617  0.7425  0.8730 0.9457 0.9162
952 0.6626  0.8739  0.8739 0.9465 0.9167
953 0.7178  0.9443  0.8748 0.9473 09173
954 0.7362  0.9658  0.8760 0.9481 0.9178
955 0.7411  0.9706  0.8763 0.9488 0.9183
956 0.7425 09705 0.8768 0.9496 0.9189
957 0.7438 09702  0.8776 0.9503  0.9194

Notes. The columns give the wavelength in nm, total system response,
filter transmission, telescope transmission (mirrors and dichroic), trans-
mission of the NI-OA, and detector QE. The response in Col. (2) is the
product of Cols. (3) to (6).

Should the monthly sampling turn out to be insufficient, for
example in the presence of faster ZP variations due to mate-
rial outgassing, then we can include photometry from sources
appearing in the overlap areas of adjacent survey fields. Euclid
observes about 19 adjacent fields every 24 h.

The monthly visits of the Self-cal field also provide spectro-
scopic observations of the WD standard, and of about 2000 field
stars with S/N 2 10 per spectral resolution element. Using sta-
tistical stacking of all spectra, we can detect chromatic changes
per spectral resolution element of the order of 1 mmag, globally
for the full focal plane — although not per detector as with the
imaging observations.

These observations can only weakly distinguish which opti-
cal surface is losing transmission, or whether detectors degrade
in QE, and due to which effects. Nonetheless, these calibrations
put Euclid in an excellent position to determine the net effect
on the data, as encoded in Tgye (4, 1y), maintaining the NISP
photometric system throughout Euclid’s lifetime.

7. Summary and data products
7.1. Context and main results

Euclid will observe 15000deg? of the darkest extragalactic
sky to a median depth of 24.4 AB mag for 50 point sources
(Euclid Collaboration 2022), establishing a photometric refer-
ence dataset with considerable legacy value. Using detailed filter
transmission measurements and optical ray tracing, we have
determined the edges of the spectral response curves for any
position in the focal plane with a — conservatively estimated —
accuracy of 0.8 nm. The out-of-band blocking of the Yg, Jg, and
Hg, passbands is excellent over the 0.3-3.0 um range, with out-
of-band contributions of 0.2 mmag for typical power-law SEDs.
The main passband properties and the polynomial coefficients to
compute the passband edges as a function of field position are
given in Tables 3 and A.1, respectively.

We also derived the photometric ZPs in the AB mag sys-
tem. The NISP passbands are about twice as wide as their
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ground-based counterparts, which are constrained by the atmo-
spheric transmission windows. We provide linear transforma-
tions for stars and galaxies separately, to convert between the
NISP and the ground-based photometric systems. A Python
module is available for the computation of arbitrary transforma-
tions and magnitudes.

We strongly recommend that authors use the ‘E’ subscript —
as in Yg-band® — when referring to Euclid passbands and mag-
nitudes. This avoids any confusion with the ground-based YJH
passbands that have only half the spectral width.

Overall, we designed and built a well-defined photometric
system for NISP with great legacy value. Our rigorous in-
flight calibration program puts Euclid in an excellent position
to maintain this photometric system throughout the mission.

7.2. Published data products and versioning

The Yg, Jg, and Hg spectral responses at the centre of the NISP
FPA are available online’. Included are the transmission for
the filters, telescope, and NI-OA, as well as the mean detec-
tor QE, from which the total spectral response was computed;
an excerpt is reproduced in Table 4. For convenience, the tables
are available in both ASCII and FITS (Hanisch et al. 2001) for-
mat and can be readily displayed with TOPCAT (Taylor 2005) and
processed with astropy (Astropy Collaboration 2013, 2018).

We registered a digital object identifier (DOI)'° for the elec-
tronic response tables (version v1.0) published in this paper. If
updated response curves become available, a new DOI will be
registered for them. The landing web page for the old DOI will
inform the visitor that a new version is available. Older versions
will be retained for reference.
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Appendix A: Passband variations

Table A.1. Coefficients for Eq. (8) to compute the blueshifted cut-on and cut-off wavelengths, A

on/off

(z,y), of the filter flanks in the focal plane’s

R_mosaic coordinate system (Sect. 4.2). We use the e-notation to simplify a software implementation. The last column, ‘Test’, can be used to
verify computer code for z = 30, y = 50. The corresponding blueshift of the passbands is shown in Fig. 8.

Flank ap b1 b2 b3 Cq Cy C3 Test
Yg cut-on 949.58 4.21895e—04  —1.86149e—-04 8.59708e-10 | 3.83384e—03 —1.83650e—04 —4.81958e—-08 949.15
Y cut-off | 1212.22 | —1.14852e—03  —-2.32133e-04 —6.27018e—09 | 4.13559e-03 -2.28732e—04  —5.85140e—08 1211.60
Jg cut-on 1167.61 | —-2.53327e-03 -2.36385¢—04 —1.71028e—08 | 4.90696e-03  —2.37536e—04  —5.19171e-08 1166.97
Jg cut-off | 1566.94 | —1.57482e—03 —3.12973e-04 —8.43209e—09 | 5.60578e—03  —3.07454e—04 —8.81555e—08 1566.11
Hg cut-on 1521.51 6.95575e-05 —-3.00405e-04  —4.34174e-09 | 8.25013e—-03  —-2.83213e-04  —7.85756e—08 1520.94
Hg cut-off | 2021.30 | —8.28076e—-05  —3.91185e—-04  —-7.98574e—09 | 1.14732e—-02 —-3.67085e—-04 —1.02239e—-07 || 2020.59
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Fig. A.1. Maximum magnitude difference for galaxies in the Euclid SC8 catalogue due to passband variations when a source moves from the
centre of the FPA to the corner. We note the log-scaling of the y axis: the effect is typically of the order of a few milli-mag (see Table A.2).
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Fig. A.2. Same as Fig. A.1, but for stars.

Table A.2. Mean and RMS (in mag) of the distributions shown in Figs. A.1 and A.2.

Galaxies Stars
Filter Mean RMS Mean RMS
YE 0.0047  0.0052 0.0004  0.0020
JE 0.0027 0.0028 0.0009 0.0013
Hg 0.0019 0.0024 | -0.00142 0.00074
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Appendix B: Transformation from and to the NISP photometric system for galaxies

Equations (B.1) through (B.13) convert NISP AB magnitudes to 2MASS, MKO and VISTA AB magnitudes for galaxies. Before
using these transformations, Sect. 6.2.2 should be read (see also Fig. B.1).

Jomass = Je +0.005+0.314 (Ye - Jg) (0 =0.037) B.1)
Hyyuss = H: —0.004 + 0.243 (J. — Hy) (o =0.047) (B.2)
K unss = He —0.001 = 0.590 (J; — Hy) (o =0.101) (B.3)
Zyko = Je +0.070 +2.072 (Ye — Jp) (0 =0.204) B.4)
Yuko = Jz —0.002 + 1.234 (Y — Jz) (0 =0.068) (B.5)
Juko = Je +0.009 +0.286 (Yz — Jp) (0 =0.053) (B.6)
Hyo = H: —0.005 + 0.264 (J; — Hy) (0 =0.044) B.7)
Kyuko = Hy +0.004 - 0.635 (J; — Hy) (o =0.100) (B.8)
Zysa = Jp +0.055 +2.224 (Y, — J) (o =0.225) (B.9)
Yusa = Je +0.000 + 1.282 (Y, — Jz) (o =0.073) (B.10)
Jyista = Je +0.008 +0.282 (Y — Jg) (0 =0.051) (B.11)
Hyrn = H; —0.004 + 0.244 (J; — Hy) (0 =0.044) B.12)
K vista = He — 0.001 = 0.569 (J;. — Hy) (0o =0.098) (B.13)

Equations (B.14) through (B.22) convert 2MASS, MKO and VISTA AB magnitudes to NISP AB magnitudes for galaxies. Before
using these transformations, Sect. 6.2.2 should be read (see also Fig. B.2).

Yy = Hagnss + 0.052 + 1.479 (Joynss — Hannss) (0" = 0.105) (B.14)
Ye = Juo  +0.014 +0.703 (Yuo — Juo) (0 = 0.047) (B.15)
Ye = Jusm +0.015 +0.659 (Yusis — Jusrn) (o = 0.049) (B.16)
Jo = Hagnss — 0.005 + 0.676 (Joyss — Hoyss) (0 = 0.037) (B.17)
Jo = Hyo +0.005 +0.652 (Jyxo — Hyeo) (0 = 0.042) (B.18)
Jo = Hygn +0.004 +0.665 (Jysrs — Husn) (0 = 0.042) (B.19)
Hy = Hagrss + 0.000 — 0.192 (Joynss — Honss) (0" = 0.057) (B.20)
Hy = Hyo —0.002 = 0.207 (Jyxo — Hyo) (o = 0.055) (B.21)
Hy = Hygsy — 0.002 = 0.192 (Jysin — Hysy) (0 = 0.054) (B.22)

B.1. About the substructure in Figs. B.1 and B.2

Some of the colour-colour plots in Figs. B.1 and B.2 show substructure that appear artificial. We note that these are not real
observations, but the SC8 synthetic SED templates, redshifted between z = 0.0 and 2.3. Some of the redshifted templates dis-
tribute fairly widely over the colour-colour space, whereas others — mostly star-forming galaxies — remain more concentrated. The
latter then visually dominate the appearance of the linearly scaled colour-colour density maps. We chose a linear scaling so that the
causal connection between the data and the linear fits (red lines) becomes evident. A logarithmic scaling is misleading in most cases,
insinuating a poor fit quality.

As an example for substructure, we consider the bottom two rows of Fig. B.2, which show the difference in the NISP Hg-band
and VISTA H-band magnitudes on the y axis. Two parallel main branches are seen, mostly from star-forming galaxies. This is a
consequence of the NISP Hg-band being nearly twice as wide as the VISTA H-band (see Fig. 1). The two bands respond differently
to spectra with specific continuum shapes and emission lines, also depending on redshift. The small bridge connecting the two
branches represents starbursts with a specific metallicity and extinction evolving from redshift z = 0.25 to 0.55. The true complexity
of this specific colour-colour space is shown in Fig. B.3. This also illustrates that the linear transformation equations may fail
catastrophically for individual galaxies.
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Fig. B.1. Magnitude differences for galaxies between external systems (2MASS, MKO, and VISTA) and NISP, as a function of NISP colour. The
red lines show the linear fits given in Egs. (B.1) through (B.13).

A92, page 21 of 32



1.25
a
£1.00
T
[ 0.75
w
> 0.50
m
<
0.25
0.0 0.5
AB Jomass — Hamass
0.6
G
204
N
o)
P 0.2
0.0
0.0 0.5 1.0
AB Yvista —Jvista
0.5
g 0.4 p
4
=
T 03
|
w02
M
<01
0.0
0.0 0.5
AB Jwko — Huko
8 0.0
<
Z
I L
I -0.1
w
I
o
< 0.2
0.0 0.5
AB Jomass — Hamass
0.0
E :
S
I
I ~01 ,
w
I
o
<
-0.2
0.0 0.5

AB Jvista — Hvista

6000

4000

2000

10000

7500

5000

2500

6000

4000

2000

4000

3000

2000

1000

4000

3000

2000

1000

probability density

[ary

probability density
=

Y

probability density
[

iy

probability density
=

fany

probability density
=

A&A 662, A92 (2022)

AB Yg(Hamass, Jamass)

8
0.6
6 fe)
¥
=
7‘0.4
4 s
5 Qo2
0 0.0
-0.2 0.0 0.2 0.0 0.5 1.0
residual AB Ywuko —Jmko
AB Yg(Jvista, Yvista)
0.5
5 g0.4
=
0 <03
|
_302
o
5 <o0.1
ol 0.0
-0.2 0.0 0.2 0.0 0.5
residual AB Jamass — Hamass
AB Je(Hwmko,Jmko)
5 0.5
<
EOA
0 £03
|
w02
5 o
<o.1
ol 0.0
-0.2 0.0 0.2 0.0 0.5
residual AB Jvista — HvisTa
AB He(Hawmass, Jamass)
5
0.0
o
4
=
0 T
I —0.1
w
T
m
5 <
-0.2
0.
-0.2 0.0 0.2 0.0 0.5

residual
AB Hg(Hvista, JvisTa)

AB Jwko — Huko

5
0
5
0_
-0.2 0.0 0.2
residual

10000

7500

5000

2500

6000

4000

2000

6000

4000

2000

4000

3000

2000

1000

probability density probability density probability density

-

probability density

-

AB Yg(Jmko, Ymko)

15
10
5
0.
-0.2 0.0 0.2
residual

AB Je(Hamass, J2mass)

20
15
10
5
0_
-0.2 0.0 0.2
residual

AB Je(Hvista,JvisTa)

15

10

-0.2 0.0 0.

residual
AB He(Hwko,Jvko)

N

15

10

-0.2 0.0 0.

residual

N

Fig. B.2. Magnitude differences for galaxies between NISP and external systems (2MASS, MKO, and VISTA), as a function of colour in an
external system. The red lines show the linear fits given in Eqgs. (B.14) through (B.22).
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Appendix C: Transformation from and to the NISP photometric system for stars (spectral types O to K)

Equations (C.1) through (C.13) convert NISP AB magnitudes to 2MASS, MKO, and VISTA AB magnitudes for stars of spectral
types O to K. The 1 o residuals are given in parentheses. Before using these transformations, Sect. 6.2.2 should be read (see also
Fig. C.1).

Jounss = Ju +0.010 +0.423 (Y. - J.) (o = 0.016) (C.1)
Horss = He — 0.058 +0.147 (J. — H,) (o = 0.021) (C.2)
Koorss = Hy +0.239 = 0.356 (J, — Hy) (o = 0.041) (C.3)
Zuo = Jp +0.082 +2.018 (Y. - J.) (o =0.107) (C.4)
Yuxo = Je —0.012+ 1.115 (Yo = J;) (o = 0.020) (C.5)
Juxo = Je +0.012 +0.406 (Y, — J;) (o = 0.021) (C.6)
Hyo = He —0.055 +0.184 (J. — Hy) (0 = 0.018) (C.7)
Ko = Hy + 0271 — 0333 (J, — Hy) (o = 0.045) (C.8)
Zosn = Ho +0.151 + 1.891 (J. — Hy) (o = 0.113) (C.9)
Yusa = Je —0.011 + 1.165 (Y, = J.) (o = 0.025) (C.10)
Jus = Je +0.012 +0.406 (Y, — J.) (o = 0.020) (C.11)
Huysin = Hy —0.055+0.162 (J, — Hy) (o = 0.018) (C.12)
Ky = Hy +0.228 = 0.340 (J, — Hy) (o = 0.036) (C.13)

Equations (C.14) through (C.22) convert from 2MASS, MKO and VISTA AB magnitudes to NISP AB magnitudes for stars of
spectral types O to K. Before using these transformations, Sect. 6.2.2 should be read (see also Fig. C.2).

Ys = Hynss — 0.005 + 1.134 (Joynss — Hownss) (0 = 0.029) (C.14)
Yo = Juco  +0.008 +0.789 (Yuxo — o) (" = 0.013) (C.15)
Yo = Jusm + 0.005 +0.748 (Yosmn — Jusin) (0 = 0.015) (C.16)
Je = Honss — 0.007 + 0.786 (Joyinss — Honnss) (0 = 0.020) (C.17)
Je = Hyo = 0.009 +0.771 (Juxo — Hueo) (o = 0.023) (C.18)
Je = Hysr = 0.009 +0.775 (Jysia — Hus) (0 = 0.022) (C.19)
Hy = Hypss + 0.069 — 0.120 (Joyass — Haass) (0 = 0.021) (C.20)
H, = Hyo +0.069 —0.145 (Juxo — Huxo) (0= 0.017) (C.21)
Hy = Huspn +0.066 = 0.131 (Jyisa — Hysia) (0 = 0.018) (C.22)
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Appendix D: Transformation from and to the NISP photometric system for stars (MLT types)

Equations (D.1) through (D.13) convert NISP AB magnitudes to 2MASS, MKO and VISTA AB magnitudes for MLT types. The
1 o residuals are given in parentheses. Before using these transformations, Sect. 6.2.2 should be read (see also Fig. D.1).

Joass = He —0.051 + 1.248 (Je — Hg) (0 =0.034) D.1)
Hoyuss = He —0.183 + 0.226 (J; — Hg) (0 =0.051) (D.2)
K ovass = He —0.006 — 0.612 (J; — Hy) (0 =0.082) (D.3)
Zyko = Je +1.032 +1.877 (Ye —Je) (0 =0.289) (D.4)
Yuko = Hg + 0511 + 1.821 (Jg — Hz) (o = 0.096) (D.5)
Juko = He —0.239 + 1.469 (Jg — Hy) (0 =0.092) (D.6)
Hyo = H: —0.148 + 0.223 (J; — Hy) (0 =0.044) >.7
Ko = H +0.027 - 0.646 (J; — Hy) (o = 0.085) (D.8)
Zysta = Jz +0.979 +2.368 (Y — Jp) (0 =0.376) (D.9)
Yusa = Hg +0.596 + 1.758 (J; — Hy) (o = 0.096) (D.10)
Justa = H; —0.212 4+ 1.429 (J;. — Hy) (0 =0.081) (D.11)
Hygrn = H; —0.152 + 0.204 (J; — Hg) (0 =0.043) (D.12)
K visn = He +0.017 = 0.594 (J. — Hy) (0 =0.083) (D.13)

Equations (D.14) through (D.22) convert from 2MASS, MKO and VISTA AB magnitudes to NISP AB magnitudes for MLT types.
Before using these transformations, Sect. 6.2.2 should be read (see also Fig. D.2).

Ye = Hyyuss + 0.280 + 1.467 (Joyass — Hovnss) (00 = 0.104) (D.14)
Ye = Hyo +0.666 + 0.810 (Jyxo — Hyxo) (o =0.125) (D.15)
Ye = Justa +0.009 +0.619 (Yyisra — Justa) (0 =0.110) (D.16)
Je = Hpyass +0.083 4+ 0.759 (Joyiass — Haass) (00 = 0.034) D.17)
Je = Hygo +0.218 +0.572 (Jyxo — Hyko) (o =0.070) (D.18)
Je = Hygry +0.203 +0.609 (Jyisra — Hyisra) (0 = 0.065) (D.19)
H; = Hyypss + 0.119 = 0.033 (Jyyass — Hovass) (00 = 0.070) (D.20)
Hy; = Hyo +0.136 —0.193 (Jyxo — Hyxo) (o =0.038) D.21)
H: = Hygy +0.145-0.179 (Jysia — Hysra) (00 = 0.039) (D.22)
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Fig. D.1. Magnitude differences for MLT types between external systems (2MASS, MKO, and VISTA) and NISP, as a function of NISP colour.
Data are taken from the Euclid SC8 simulation pilot catalogues. The red lines show the linear fits given in Eqgs. (D.1) through (D.13).
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Appendix E: Transformation from and to the NISP photometric system for stars (all spectral types)

Equations (E.1) through (E.13) convert NISP AB magnitudes to 2MASS, MKO and VISTA AB magnitudes for stars of all spectral
types. The 1 o residuals are given in parentheses. Before using these transformations, Sect. 6.2.2 should be read (see also Fig. E.1).

Jomass = He +0.024 + 1.220 (Jg — Hg) (0 = 0.026) (E.1)
Hoyuss = He —0.058 + 0.147 (Je — Hg) (0 =0.030) (E.2)
Ksovass = He +0.239 - 0356 (J. — Hy) (0 =0.072) (E.3)
Zyko = Je +0.082 +2.018 (Yz —Jp) (0 =0.212) (E.4)
Yo =Jz —0.012+ 1.115 (Y — Jp) (0 =0.045) (E.5)
Juxo = Hg +0.027 + 1.234 (J; — Hy) (o = 0.048) (E.6)
Hyo = H: —0.055+0.184 (J: — Hy) (0 =0.025) E.T
Ko = He +0.271 - 0.332 (J; — Hy) (o =0.077) (E.8)
Zysa = Jg +0.077 +2.091 (Y — Jp) (o =0.248) (E.9)
Yusta = Jg —0.011 + 1.165 (Y — Jp) (o =0.052) (E.10)
Justa = He +0.028 + 1.234 (J. — Hy) (0 =0.045) (E.11)
Hygrn = H; —0.055+0.161 (J; — Hg) (o =0.025) (E.12)
K vista = He +0.228 = 0.340 (J. — Hg) (0 = 0.065) (E.13)

Equations (E.14) through (E.22) convert from 2MASS, MKO, and VISTA AB magnitudes to NISP AB magnitudes for stars of all
spectral types. Before using these transformations, Sect. 6.2.2 should be read (see also Fig. E.2).

Y = Honss — 0.005 + 1.134 (Jpass — Honnss) (07 = 0.086) (E.14)
Y, = Juo  +0.008 +0.765 (Yyo — Juxo) (o = 0.026) (E.15)
Y, = Juss +0.005 +0.747 (Yo — Jusn) (o = 0.028) (E.16)
Ty = Hass — 0.007 + 0.787 (Joynss — Honass) (0 = 0.026) (E.17)
Jo = Juo — 0.018 + 0.076 (Yuo — Juco) (o = 0.040) (E.18)
Jo = Jusi = 0.019 + 0.061 (Yosps — Jusr) (o = 0.037) (E.19)
Hy, = Hoynss +0.069 = 0.119 (Jonguss — Hownss) (0 = 0.030) (E.20)
H, = Hyo +0.069 —0.133 (Juxo — Huxo) (0 = 0.021) (E21)
H, = Hygn +0.066 — 0.128 (Jusn — Hus) (0 = 0.023) (E22)
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Fig. E.1. Magnitude differences for stars of all spectral types between external systems (2MASS, MKO, and VISTA) and NISP, as a function of
NISP colour. Data are taken from the Euclid SC8 simulation pilot catalogues. The red lines show the linear fits given in Egs. (E.1) through (E.13).
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Fig. E.2. Magnitude differences for stars of all spectral types between NISP and external systems (2MASS, MKO, and VISTA), as a function of
colour in an external system. The red lines show the linear fits given in Egs. (E.14) through (E.22). We note that the two fits displayed in the third
row are skewed by a number of very red sources that are not easily visible in these linear grey scale maps. This shows that a simple, ‘one-fits-all’
model is not always an appropriate way to transform between photometric systems.
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