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Figure 2. Comparison of the synthetic photometry from the extended-
source calibrated spectra from version 13.1 of the pipeline and the surface
brightness from photometer maps. The same source, rcw82off2, as in Fig. 1
is shown. The spectra are shown in blue for SSW and in cyan for SLW.
The derived synthetic photometry points at the three photometer bands
are shown as filled magenta squares. The error bars are smaller than the
symbols and they include the errors from the scan-averaged spectra (see
Fulton et al. 2014). The photometer RSRFs are shown in grey, each one
annotated with the band central wavelength. The average surface brightness
values from photometer maps are shown as filled black circles. The error
bars for the photometer points include the 10 per cent Planck-to-SPIRE zero
offset uncertainty and the standard deviation of the brightness distribution
in the selected box.

photometer maps within the 30 arcsec box aperture. It is obvious
that there is a significant offset between the synthetic photometry
and the measured photometry in maps, with ratios of phot/spec
(1.38 ± 0.10, 1.50 ± 0.06, 1.77 ± 0.20) at (250, 350, 500) µm for
this particular target.

The combined results for the averaged spec/phot ratio for each
band for all 24 flat sources are shown as blue squares in Fig. 3.
The errors bars for each point include the standard deviation of the
aperture photometry, the 10 per cent uncertainty from the Planck
zero level offset and the error from the synthetic photometry. This
figure unequivocally demonstrates that there is a systematic and
significant discrepancy between the FTS and photometer extended-
source calibrations.

3.4 The far-field feedhorn efficiency

The results shown in Fig. 3 (as well as the example in Fig. 2)
indicate that in order to match the spectra with the photometry from
extended-source calibrated maps we need to apply a correction.
We consider the SPIRE photometer extended-source calibration
more straight forward than that of the spectrometer: simple beam
profile, unimodal Gaussian beam and the beam solid angle is known
down to <1 per cent uncertainty, and is consequently much more
representative and robust. Moreover, the photometer maps are cross-
calibrated with Planck-HFI. Therefore, the correction should be
applied to the SPIRE FTS extended-source calibrated spectra.

The derived ratios, shown in Fig. 3, are a good match to the
far-field feedhorn efficiency curve, ηff. The correction, ηff was in-
troduced in empirical form in Wu et al. (2013), where it was linked
with two other corrections: the diffraction loss predicted by the

Figure 3. Averaged ratios of the synthetic photometry versus the results
from photometer maps for all 24 flat sources (filled blue squares), together
with the far-field feedhorn efficiency (black lines, see equation 8) and the
laboratory measurements from Chattopadhyay et al. (2003) (filled red cir-
cles). The dashed line is the original ηff for SSW as presented in Wu et al.
(2013). The grey curves are the ratios fX = ηdiff IS 'beam/SS for all of the
24 flat sources (see Section 4).

optics model, ηdiff (Caldwell et al. 2000) and the correction effi-
ciency ηc, with ηff = ηc/ηdiff . As discussed in Wu et al. (2013), for
point-like sources ηc ≈ 1, while for extended sources ηc ≪ 1 with
the difference attributed to a combination of diffraction losses (ηdiff)
and different response of the feedhorns and bolometers to a source
filling the aperture and to that of a point source.

The far-field feedhorn efficiency ηff was measured by Chattopad-
hyay et al. (2003) but only for the SLW band (the two laboratory
measurements are shown as red circles in Fig. 3). The empirical
ηff from Wu et al. (2013) is 10 per cent lower for SSW (shown
as a dashed line in Fig. 3) with respect to the measured ratio at
250 µm. This 10 per cent is within the uncertainty of the 250 µm
average ratio, however, the original empirical ηff would introduce
a significant discontinuity in the overlap region of the two FTS
bands (944–1018 GHz). In order to avoid this inconsistency, ηff

was rescaled by 10 per cent for SSW, so that it matches the 250 µm
ratio and also avoids the discontinuity. It is irrelevant to attribute
this 10 per cent offset to any parameter in the optical model (ηdiff;
Caldwell et al. 2000). The most likely interpretation is that some
unknown effects in the complicated feedhorn-coupled system lead
to a different response for fully extended sources only for SSW,
which leads to ηc = 1.1 for SSW, while for SLW ηc = 1.

In practice, due to implementation considerations, we use the
following empirical approximation based on the ηff curves shown
in fig. 4 in Wu et al. (2013), with SSW rescaled by 10 per cent:

SLW : 1/ηff = 2.7172 − 1.47 × 10−3ν,

SSW : 1/ηff = 1.0857 + 2.737 × 10−4ν, (8)

where ν is the frequency in GHz. The two curves are shown in
Fig. 3. And the corrected intensities are

I ′
ext = Iext/ηff, (9)

where Iext is the extended-source calibrated spectrum from Swinyard
et al. (2014) calibration [see also equation (3)]. Performing the
same comparison for I ′

ext with the extended-calibrated maps from
the photometer for the 24 flat sources, we obtain the ratios as shown
in Fig. 4. On average we see a good agreement at a level of 2–4
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Figure 4. Cext(ν0) = Iphot(ν0)/Ispec(ν0) as a function of Ī250µm at 250 µm
(top), at 350 µm (middle), and 500 µm (bottom) for the 24 flat sources. The
mean (shown as a dashed line) and the standard deviation for each band are
annotated in each panel: from top to bottom, 250, 350, and 500 µm.

per cent, comparable to that found for the point-source calibration
in Hopwood et al. (2015).

4 C O N V E RTI N G TO PO I N T- S O U R C E
C A L I B R AT I O N

For an extended source on the sky IS(θ , φ), the measured flux density
is

SS(ν) = η

(

4π

P (θ,φ) IS(θ, φ)d', (10)

where P(θ , φ) is the normalized beam profile and η represents all
angle-independent efficiency factors that affect the system gain. The
integration is over a region subtended by the source.

For a spatially flat source, I(θ , φ) = IS(ν) = constant, and assum-
ing that the source is much more extended than the beam, we can

write

SS(ν) = η × IS(ν) × 'beam(ν), (11)

where 'beam(ν) =
)

4π P(θ , φ)d' is the main beam solid angle.
Equation (11) should be valid for any instrument. And it is indeed

the case for the SPIRE photometer, where the conversion from
point-source to extended-source calibrated maps can be achieved
by multiplication with KPtoE(ν) ≡ 'pip, where 'pip is the beam
solid angle used in the data processing pipeline (see H17 for more
details). The gain and aperture corrections already incorporated in
the point-source calibrated timelines in the data processing pipeline.

The validity of equation (11) for the corrected extended-source
calibrated spectra is demonstrated in Fig. 5 for a point source (Nep-
tune) and an extended source from the sample of 24 spatially flat
sources. In this case, the efficiency factor η is actually the diffraction
loss correction, ηdiff as derived by Caldwell et al. (2000), using a
simple optics model, incorporating the telescope secondary mirror
and mirrors support structures. For a point source on axis ηdiff is of
the order of 75 per cent. We see that equation (11) is fulfilled at a
level of ±5 per cent, if we exclude noisier regions close to the band
edges (Fig. 5, bottom panels).

The noise that appears in the point-source converted spectra in
Fig. 5 (cyan curves) reflects the small-scale characteristics of Rtel

that are inherently present in I ′
ext. The original point-source cali-

brated spectrum of Neptune (Fig. 5, left) has much less noise be-
cause the point-source calibration is based on the smooth feature-
less model spectrum of Uranus and consequently Cpoint accounts for
those small-scale features of Rtel. Therefore, the pipeline-provided
point-source calibrated spectra are better products and they should
be used, rather than converting the extended-source calibration with
equation (11).

Interestingly, the missing correction for the old calibration of the
FTS extended-source spectra is obvious, if we construct the ratio
of the left-hand and right-hand side of equation (11), i.e. fX =
ηdiff IS 'beam/SS. This ratio should be 1 if equation (11) is valid,
but as shown in Fig. 3, the grey curves, which are the derived fX

for all 24 flat sources with the old calibration, match well with the
empirical ηff instead.

5 PR AC T I C A L C O N S I D E R ATI O N S

All extended-source calibrated spectra, regardless of the observing
mode and the spectral resolution, are corrected for the missing far-
field feedhorn efficiency (equation 9). Using those for analysis of
extended sources is straightforward: measuring lines and the con-
tinuum, with results in the corresponding units of W m−2 sr−1. A
large fraction of the sources observed with the FTS, however, are
neither point-like nor fully extended, we call them semi-extended
sources. The framework for correcting the spectra for this class of
targets is presented in Wu et al. (2013) and implemented in HIPE as
an interactive tool – the SEMIEXTENDEDCORRECTOR (SECT). There are
two possible ways to derive a correction for the source size (and/or a
possible pointing offset): starting from an extended-source or from a
point-source calibrated spectrum (see Wu et al. 2013, equation 14).
The SECT implementation in HIPE follows the procedure starting
from a point-source calibrated spectrum. As the point-source cali-
bration is not affected by the far-field feedhorn efficiency correction,
described in Section 3.4, so there should not be any changes in the
SECT-corrected spectra.

In cases when there is a point source embedded in extended
emission, then the background subtraction should be performed
using the point-source calibrated spectra, regardless of the fact that
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328 I. Valtchanov et al.

Figure 5. Left-hand panel: comparison of Neptune pipeline derived point-source calibrated flux density SS(ν) in Jy (thick black line) with the flux density
derived from the extended-source calibrated intensity S′

S = ηdiff × I ′
S(ν) × 'beam (cyan), i.e. equation (11). The relative ratio of S′

S/SS is shown in the bottom
panel. The overall agreement, in the less noisy parts of the two bands, is within 5 per cent. Right-hand panel: the same comparison for a fully extended source.

the background may be fully extended in the beam. If you perform
the background subtraction using I ′

ext, then you cannot any longer
use Cpoint to convert the background subtracted spectrum to a point-
source calibrated one. Instead, you have to use equation (11), and
as explained in Section 4, this will introduce unnecessary noise in
the final spectrum.

The same consideration is applicable for semi-extended sources,
where the first step before the correction should be the background
subtraction and then proceeding with SECT, both steps should be
performed on point-source calibrated spectra.

Careful assessment of the source extension is always necessary,
because in some cases the source may fall in the extended-source
category in continuum emission but semi-extended or point-like in
a particular line transition. This will dictate which calibration to use
and what corrections to apply to the line flux measurements.

Finally, if for some reason one needs to recover the spectrum
with the original calibration following Swinyard et al. (2014), then
Cpoint

7 and the point-source calibrated spectrum can be used: Iext =
SS/Cpoint.

6 IM P L I C AT I O N S FO R S P I R E FT S U S E R S A N D
A L R E A DY P U B L I S H E D R E S U LT S

The significant correction for the extended-source calibration
scheme presented by this work, was implemented as of HIPE version
14.1, and has already been described in H17 since 2017 February.
All analysis based on extended-source calibrated FTS spectra, pro-
duced prior to that version, will be affected by the significant and
systematic shortfall of the old calibration. Any integrated line inten-
sity or continuum measurements will be underestimated by a factor

7 Cpoint is available as a calibration table within the SPIRE calibration context
(see H17 and Appendix).

Figure 6. 12CO spectral line energy distribution model from RADEX
(van der Tak et al. 2007) for an emitting region, assuming
n(H2) = 6.3 × 103 cm−3, column density of 1016 cm−2, and kinetic tem-
peratures of 100 K (green curve), 90 K (orange), and 80 K (blue). The 100 K
SLED is multiplied by ηff and the new uncorrected SLED is shown with
red points with error bars assuming a conservative 10 per cent uncertainty in
line flux measurements.

of 1.3–2 and using them to derive physical conditions in objects
will be subject to corresponding systematic errors.

To illustrate the magnitude of the deviations on the derived
physical characteristics with the old calibration, we performed a
simple simulation using RADEX (van der Tak et al. 2007). We
modelled the spectral line energy distribution (SLED) of the 12CO
lines from an emitting region with molecular hydrogen density
n(H2) = 6.3 × 103 cm−3, column density of 1016 cm−2, and kinetic
temperatures Tkin of 100, 90, and 80 K. The predicted line fluxes for
the three temperatures in the SPIRE FTS bands are shown in Fig. 6
as green, orange, and blue curves, respectively.

If we observe a region with Tkin = 100 K, but we use the old
calibration, then the measured 12CO lines (the green curve) will
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be underestimated by a factor of ηff; these are shown in Fig. 6 as
red points with 10 per cent measurement errors. Obviously the red
points do not match the RADEX models with Tkin = 100 K, they are
at least 2–3 σ away from the correct input model for lines with upper
J ≤ 8. While models with Tkin between 85 and 90 K are much closer
to the ‘measurements’ and consequently the derived temperature
from the red points will be significantly underestimated.

Using the old calibration for studies based on line-to-line or line-
to-continuum measurement will not be significantly biased for SSW,
because the variation of ηff with frequency within the band is small.
However, the variation across SLW is significant and in this case
using uncorrected data will lead to the incorrect results.

The ηff correction to extended-source calibrated spectra results in
new values for the frequency-dependent additive continuum offsets
and FTS sensitivity estimates (see Hopwood et al. 2015). The new
offsets and sensitivities are presented in H17 and their tabulation
is available in the Herschel legacy repository as Ancillary Data
Products.8

The correction with ηff also introduces a new source of uncer-
tainty to the overall calibration error budget for extended sources.
The two measurement points for ηff in SLW band have errors of
3 per cent (Chattopadhyay et al. 2003), and we assume the same
error is applicable for the SSW band. Therefore, the overall calibra-
tion accuracy budget for extended-source calibration will have to
incorporate the 3 per cent statistical uncertainty on ηff. As the cor-
rection is semi-empirical and based on cross-calibration with the
SPIRE photometer, the more conservative estimate of the overall
uncertainty is of the order of 10 per cent, to match the uncertainties
on the derived photometry ratios (Fig. 4).

7 C O N C L U S I O N S

We introduce a correction to the SPIRE FTS calibration for the
far-field feedhorn efficiency, ηff. This brings the cross-calibration
between extended-source calibrated data for the spectrometer and
photometer in agreement at a 2–4 per cent level for fully extended
and spatially flat sources. With this correction, the FTS point-
source and extended-source calibration schemes are now self-
consistent and can be linked together using the beam solid angle
and a gain correction for the diffraction losses.

All SPIRE FTS extended-source calibrated products (spectra or
spectral maps) in the Herschel Science Archive, processed with
pipeline version 14.1 have already been corrected for ηff. Spectra
processed with earlier versions are significantly underestimated and
consequently the results derived with the old calibration should be
critically revised. It is important to note that while the correction is
close to a constant factor for the SSW band, this is not the case for
SLW. Hence, even relative line-to-line or line-to-continuum analysis
for SLW is affected.

We have not discussed any possible reason as to why the far-field
feedhorn efficiency was not naturally incorporated in the extended-
source calibration scheme. With Herschel no longer operational,
it is not possible to take new measurements in order to check any
hypothesis. We can only speculate about possible causes. One plau-
sible reason is that the FTS beam, which was only measured out to
a radial distance of 45 arcsec, compared to the 700 arcsec for the
photometer, has an important fraction of the power distributed at
larger distances, or in the side-lobes. Another possibility could be
that the coupling of the two instruments to extended sources, viewed

8 See Appendix with a list of URLs for the data products.

through the telescope, differs in an unknown manner such as small
residual misalignment. Both these hypotheses could play a part in
ηff not being naturally incorporated into then extended-source cal-
ibration. The bottom line, however, is that with this correction the
FTS calibration is now self-consistent and the cross-calibration with
the SPIRE photometer is in good agreement.

Ground-based measurements of lines or continuum, in frequency
ranges that overlap with the large spectral coverage of the FTS, may
provide further insights on the correctness of the extended-source
calibration, although the direct comparison will not be straight for-
ward due to the complications in observing very extended emission
with ground-based telescopes.
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A P P E N D I X : AVA I L A B L E DATA P RO D U C T S

Many useful calibration tables are available in the Herschel Legacy
Area at http://archives.esac.esa.int/hsa/legacy. Here, we only list
those with relevance to the current paper.

(i) Planetary models:
Models for the primary calibrators (Uranus and Nep-
tune) are available at http://archives.esac.esa.int/hsa/legacy/ADP/
PlanetaryModels/

(ii) FTS sensitivity curves and additive continuum offsets:
The curves derived from the updated calibration are
available at http://archives.esac.esa.int/hsa/legacy/ADP/SPIRE/
SPIRE-S_sensitivity_offset/

(iii) Diffraction loss curves:
The correction ηdiff as presented in Wu et al. (2013),
and based on the optics model from Caldwell et al.
(2000) is available at http://archives.esac.esa.int/hsa/legacy/ADP/
SPIRE/SPIRE_Diffraction_loss/

(iv) SPIRE photometer RSRFs:
The RSTFs R(ν) and the aperture efficiencies η(ν) are
available at http://archives.esac.esa.int/hsa/legacy/ADP/SPIRE/
SPIRE-P_filter_curves/

(v) SPIRE calibration tree:
The last one (SPIRE_CAL_14_3) as well as previous version of
the calibration tables are available as Java archive files (jar) at
http://archives.esac.esa.int/hsa/legacy/cal/SPIRE/user/

This paper has been typeset from a TEX/LATEX file prepared by the author.
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