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1 Scope and Assumptions

This document summarises various approaches to obtain a list of sources suitable to calibrate the
pointing performance of the PACS instrument. However, it must be considered more than a simple
compilation of the previous efforts, but it tries to merge them in a uniform way by applying common
and solid source selection criteria. The goal is to improve the likelihood of the final calibration sources
to be suitable as pointing standards. According to requirements 3.1.1 in RD-1 (PCD), we aim for
a flux density of at least 150mJy in the blue photometer band with some reserve to account for
initial data reduction problems to achieve a S/N =~ 9 using the small source AOR. Regarding the
spectrometer, requirement 4.1.1 in RD-1 calls for sources of at least 20 Jy for the small raster AOR
and at least 10 Jy for on-array chopping and nodding observations to achieve S/N =~ 10 in the blue
spectrometer band.

All those object searches rely on information from various FIR databases like the TRAS Point-Source
Catalogue (PSC) (Helou & Walker [1988) and ISO as well as Spitzer observations. They have been
cross-referenced with optical databases in order to improve positions and proper motions. Further
details are mentioned in the individual sections.

2 Stars

2.1 Selection criteria

Stars with strong FIR flux densities serve as excellent pointing sources, because they are typically
very compact and highly accurate positions and proper motion measurements exist for most of them.
We obtained these data from the Positions and Proper Motions (PPM) (Roeser & Bastian||1988),
HIPPARCOS, TYCHO (Perryman & ESA|/1997) and TYCHO 2 (Hgg et al|22000) catalogues. In
order to optimise their use, we applied colour criteria ensuring purely stellar photospheric emission
without contributions from circumstellar material based on IRAS colours according to Egs. . To
account for photometric uncertainties of the IRAS PSC flux densities, we allow colours scattering
with +20% around the nominal values.

F(12 um)
2781 < Fgsumy < 6.258
: (1)

< 8.897

F(25 pm
3.954 < TG0

A more relaxed criterion given by Eq. was also explored by adding a scattering of +20% of the
nominal value of 5 used in RD-2. This allows for some FIR excess emission leading to the inclusion
of AGB stars that are usually very bright at FIR wavelengths. It is expected that the faint emission
from surrounding shells does not considerably interfere with the pointing measurements. These FIR
excess objects have been flagged in the final source list.

F(25 pum)

F(60,m) = 3954 (2)

Of course, such criteria are only meaningful for single stars. Otherwise, a mixture of photospheric
temperatures would create non-stellar FIR colours. Another reason to avoid multiple stars is pre-
venting possible confusion with neighbouring sources, although the likelihood for them being as FIR
bright as the actual pointing star is small. We queried the Washington Visual Double Star Catalogue
(WDS, [Worley & Douglass||1997) as well as the Tycho Double Star Catalogue (TDSC,|Fabricius et al.
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2002) for multiplicity. Stars identified as being multiple are indicated with a flag in the final source
list.

Confusion noise is an important issue at FIR wavelengths that can potentially reduce the detectability
of compact sources. Following the criterion in RD-2, we decided to aim for a limit of 20 MJy/sr at
100 pm — corresponding to the ITRAS CIRR3 confusion flag — for the potential pointing stars. However,
such a constraint may be too strict for very bright sources, as they outshine the background cirrus.
The background estimate based on the CIRR3 flag also includes the contribution from the zodiacal
light that does not increase the confusion noise. Therefore, we decided to include also stars with a
ratio of F/(60 um)/CIRR3 > 100 after converting the CIRR3 units from MJy/sr to mJy/beam. Stars
violating the initial background criterion but considered bright enough to be detected anyway have
been flagged in the final source list.

In order to quantify the influence of the background noise on the centroid measurement of pointing
sources, we simulated Gaussian fits on the PACS photometer PSF affected by a background noise with
an rms of 1% and 5% of the PSF peak flux as shown in Fig. |1l After 100 iterations with random noise
patterns, the size of the PSF could be recovered with an uncertainty of better than 1% for the 1% rms
noise and about 10% for the 5% rms noise. The scatter of the measured PSF location was in range of
0”03 and 0”15 around the nominal position for the two noise simulations, respectively. However, the
Gaussian fitting did not converge for a few cases using the 5% rms noise. Therefore, we conclude that
it is safe to assume a S/N ratio of better than 100 to execute meaningful pointing measurements. A
S/N of 20 still yields an uncertainty of the pointing assessment that is well within the requirements.
Such an estimate is also useful to evaluate the role of possible circumstellar emission e. g. from AGB
stars. It seems that a weak and largely symmetric additional contribution does not significantly affect
the pointing accuracy.
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Figure 1: Analysis of random background noise affecting the recovery of the size and position of
the PSF at 70 um. Left: Clean PSF, middle: PSF + background noise with an rms of 1% of the
peak, right: PSF + background noise with an rms of 5% of the peak. The spatial scale is given in
arcseconds; the images are presented in a logarithmic grey-scale.

Except for the stars measured with MIPS at 70 um (see Sect. , the expected point-source flux
density at this wavelength was derived from colour corrected IRAS PSC photometries at 12, 25, and
60 pm. The 100 pm photometry was not used because of its limiting flux density of 1Jy and the
underlying large telescope beam. It was calculated according to:

2 2 9
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Another concern is the correct assignment of stars to the IRAS sources of the Point Source Catalogue.
Except for the MIPS 70 um sources and a few bright pointing stars, where the identity was confirmed
via MIPS/Spitzer, ISSA/IRAS or HIRES/IRAS images, we checked, whether the coordinates of
the stars are included inside the IRAS positional error ellipse. Those stars outside this margin were
rejected from the final pointing list. In detail, the offset coordinates were transformed into the reference
frame of the error ellipse by applying the rotation matrix as shown in Eq. and visualised in Fig. .
Stars having offsets x, y complying with Eq. are considered to be associated with the IRAS source.

(3)-(5) (5= =) g

A Ad

Aa
<
<

Figure 2: Visualisation showing the conversion from the equatorial coordinate system into the frame
of the error ellipse. The offsets between the stellar and TRAS coordinates in right ascension A« and
declination A¢ are transformed into a reference frame rotated by the position angle ¢, where the x
and y axes are parallel to the semi-minor b and semi-major a axes of the error ellipse, respectively.

—+L < (5)

2.2 Stars as compact FIR sources with F(60 um) > 1.6 Jy from RD-2

The results of a search for pointing star candidates based on the IRAS Point Source Catalogue are
presented in RD-2 (Table 5). After applying a few selection criteria as described in this document, the
list contains 289 sources. They comprise stellar sources, many of them being AGB stars. Only 97 of
these stars appear to possess a purely photospheric black-body emission as evaluated from the IRAS
PSC photometry. The remaining 192 sources might have surrounding shells that are responsible the
FIR excess emission. Therefore, their PSF might be slightly extended. All the 289 objects have been
included in the final list provided in Tab.
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2.3 Spitzer/MIPS 70 um calibration sources

An absolute flux calibration study of the MIPS (Multiband Imaging Photometer for Spitzer) instru-
ment at A = 70 um was published by |Gordon et al. (2007). It contains the photometry of 90 stars
selected from the Henry Draper Catalogue (HD, |Cannon & Pickering |(1949). In Tab. (1| we present
a list of 29 stars after removing weak and multiple sources. Spectral types, coordinates and proper
motions have been obtained from HIPPARCOS, TYCHQO and TYCHO 2 catalogues. All of them are
contained in the final pointing source list. We produced plots providing visibilities and solar aspect
angles for the period of the first 120 days after the launch date of the Herschel Space Observatory.
They help scheduling pointing calibration observations with the suitable targets. At this point, they
are given as an example, but can be produced for all the pointing calibration sources appropriate for
a given observing period.

Table 1: MIPS 70 um stars obtained from |Gordon et al. (2007). Only sufficiently bright stars known
to be single have been selected as entries for this list.

Coordinates (J2000.0) Proper motion MIPS
HD Name Spectral Epoch 2000.0 AR.A. ADec. | F(70 um)
type R.A. Dec. [mas/yr] [mas/yr] (mJy]

2151 B Hyi G2IV 0:25:45.08  -77:15:15.3 2221.9 322.6 250
2261 o Phe KOIII... 0:26:17.03  -42:18:21.9 199.9 -396.2 1122
4128 3 Cet KOIII 0:43:35.24  -17:59:12.0 232.8 32.7 1110
9053 ~ Phe KbII-1IT 1:28:21.93  -43:19:05.7 -18.0 -208.6 1436
9927 v Per K3III 1:37:59.56  +48:37:41.6 60.9 -112.4 463
12929 o Ari K2II1 2:07:10.30 +23:27:45.9 190.7 -145.8 1696
18884 « Cet M2III 3:02:16.77  +04:05:23.0 -11.7 ST 4392
24512  ~ Hyi M2IIT 3:47:14.34  -74:14:20.3 51.0 114.7 2304
31398 ¢ Aur K3IIvar 4:56:59.62  +33:09:57.9 2.8 -18.6 1848
32887 € Lep KA4ITI 5:05:27.67  -22:22:15.7 21.5 -72.8 1165
39425 3 Col K1.5I11 5:50:57.59  -35:46:05.9 55.6 404.0 513
45348 « Car FOIb 6:23:57.11  -52:41:44.4 20.0 23.7 2872
50310 7 Pup KOIII... 6:49:56.17  -50:36:52.4 35.1 -63.1 690
51799 MI1III 6:56:15.99  -48:43:16.1 1.9 9.6 626
80007 (3 Car A2IV 9:13:11.98  -69:43:01.9 -157.7 108.9 211
82308 A Leo Kb5IIvar | 9:31:43.23  +22:58:04.7 -20.4 -38.1 519
82668 N Vel Kb5III 9:31:13.32  -57:02:03.8 -33.1 5.8 1492
89758 p UMa MOIIT SB | 10:22:19.74  +41:29:58.3 -80.4 34.3 2192
92305 v Cha MOIIT 10:35:28.11  -78:36:28.0 -37.6 114 774
93813 v Hya KO/K1IIT | 10:49:37.44  -16:11:38.8 92.8 199.0 742
96833 ¢ UMa K1I1I 11:09:39.81  +44:29:54.5 -62.4 =274 602
100029 A Dra MOIIIvar | 11:31:24.22  +69:19:51.9 -41.5 -18.6 1223
120933 AW CVn K5III 13:51:47.48  +34:26:39.3 -20.8 -32.2 1077
123123 7 Hya K2III 14:06:22.30  -26:40:56.5 43.0 -140.9 449
141477 Kk Ser MIIIT 15:48:44.38  +18:08:29.6 -52.5 -88.0 1058
156283 7 Her K3IIvar | 17:15:02.83 +36:48:33.0 -28.5 3.2 972
169916 A Sgr K1IIIb 18:27:58.24  -25:25:18.1 -45.4 -186.8 512
198542 w Cap KA4III 20:51:49.29  -26:55:08.9 -8.2 -2.6 825
216131 p Peg M2IIT 22:50:00.19  +24:36:05.7 146.2 -44.2 361
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Visibilities of MIPS70 Pointing Stars
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Figure 3: Visibility plot of single MIPS70 pointing stars with 70 um flux densities above 160 mJy as
listed in Tab. [] during the first year after the launch of the Herschel Space Observatory.
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Solar aspect angles of MIPS70 Pointing Stars
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Figure 4: Distribution of attained solar aspect angles of single MIPS70 pointing stars with 70 wm flux
densities above 160 mJy as listed in Tab. [I| during the first 120 days after the launch of the Herschel
Space Observatory.
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2.4 A complete list of IRAS selected stars with F(60 pm) > 160 mJy

Table [f] in Appendix [B] contains all stellar pointing sources, also including the previous lists from
Tab. 5 in RD-2 and Tab. [1l It comprises 929 sources with flux densities distributed between 0.16 and
187 Jy. They are grouped in flux bins according to Tab. We provide flags describing important
source characteristics that help to select stars suitable for pointing calibration measurements. We
distinguish:

b: sources with high background fluxes, but probably still bright enough to be detected
m: sources that are identified as multiple stars in the WDS and TDSC catalogues

e: sources that violate the criterion for purely photospheric black-body emission

Table 2: Distribution of expected flux densities at 70 um of the complete stellar pointing source list.

F(70 um) [Jy] >10 ]10,5] ]5,1] ]1,0.5] ]0.5,0.16] | Total
single and photospheric only 7 8 89 123 253 480
all sources 59 56 301 187 326 929

Figure [5] displays the coverage of the pointing stars across the sky in an ecliptic coordinate frame.
Their distribution is fairly even allowing for a good selection of also bright objects for almost all
observing epochs.

Figure 5: Distribution of the pointing stars across the sky. The coordinates are in ecliptic longitude
and latitude. The size of the dots represents the FIR brightness at 70 um as given in the source list.
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An overview of the IRAS colours of the pointing stars separated into the two groups of Tab. [2]is shown
in Fig. @ While the single stars with photospheric IR emission (black dots) cover a fairly confined
and concentrated parameter space, the complementary objects in the full list are distributed over a
larger range of colours. They represent the stars classified as multiple or excess objects.
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Figure 6: Distribution of IRAS colours of all pointing stars (red dots) and the single stars with
photospheric emission only (black dots).

3 Extragalactic pointing sources

Extragalactic sources may serve as pointing sources, as long as their intrinsically extended character is
reduced to small apparent angular sizes because of their large distances. A variety of objects emitting
thermal and non-thermal radiation can be used for this purpose. Non-thermal radiation is particularly
interesting, as it typically possesses a flat spectrum producing comparable flux densities in different
spectral filters.
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3.1 Blazars as pointing sources from RD-3

Based on the analysis of WMAP (Bennett et al.|2003) and IRAS archival data, RD-3 presents a
study of blazars with flux densities of F'(130 pm) > 500 mJy that are suitable as pointing calibrators.
It should be reminded that these objects can be variable in flux. We adopted the list compiled in
this document and performed visual checks on ISSA/IRAS images at 60 um and — where available —
on MIPS/Spitzer images at 70 um. The main interest was to evaluate the brightness of the sources
compared to the background flux and a possible influence of FIR cirrus on their detectability. This
resulted in a categorisation of priorities from 1 (excellent) via 2 (good) to 3 (potentially problematic).
We list the resulting blazar catalogue in Tab. |3| citing their names, coordinates, redshift, expected flux

density at 130um, priority, and remarks describing the appearance.

Table 3: Blazars as pointing sources from RD-3. They are grouped in the order of their priorities as
explained by the remarks. For every entry we give the name, coordinates, redshift, and the expected
flux density at 130 pm.

Coordinates expected
Name (J2000.0) z F(130 pm) | Priority | Remarks
R.A. Dec. [mJy]

PKS 0420-01 04:23:15.801 -01:20:33.06 | 0.09 500 1 MIPS 70 um point source

PKS 0521-36 05:22:57.985 -36:27:30.85 | 0.06 750 1 MIPS 70 um point source

0OJ 287 08:54:48.875  420:06:30.64 | 0.31 1000 1 HIRES 60 um point source
IRAS 08538+2002 3.6 Jy 30" away

3C 273 12:29:06.700  402:03:08.60 | 0.16 1500 1 MIPS 70 um point source

3C 279 12:56:11.167  -05:47:21.52 | 0.54 1500 1 MIPS 70 um point source

BL Lac 22:02:43.291  +42:16:39.98 | 0.07 700 1 MIPS 70 um point source

3C 454.3 22:53:57.748 416:08:53.56 | 0.86 500 1 MIPS 70 um point source

3C 120 04:33:11.096  405:21:15.62 | 0.03 1500 2 ISSA 60 um point source, cirrus

PKS 0537-441 | 05:38:50.361 -44:05:08.93 | 0.89 1000 2 ISSA 60 um weak source, confusion
with neighbouring sources

3C 345 16:42:58.810  +39:48:36.99 | 0.59 1000 2 ISSA 60 pm point source, embedded in
cluster of sources + cirrus

3C 446 22:25:47.259 -04:57:01.39 | 1.40 800 2 ISSA 60 um weak source, cirrus

PKS 1144-379 | 11:47:01.371 -38:12:11.02 | 1.05 600 3 ISSA 60 um weak source, strong confu-
sion noise

PKS 1244-255 | 12:46:46.802 -25:47:49.29 | 0.63 600 3 ISSA 60 um weak source, strong confu-
sion noise

1ES 13084326 | 13:10:28.664 +32:20:43.78 | 1.00 600 3 ISSA 60 um, not detected
IRAS 13064+3225 1.3 Jy 20" away

18034784 18:00:45.684  +78:28:04.02 | 0.68 600 3 ISSA 60 um, weak source, cirrus, strong

confusion noise
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3.2 QSOs, Radio Galaxies, and ULIRGs as pointing sources from RD-4

Based on ISOPHOT measurements, RD-4 provides a compilation of pointing source candidates of
point-like quasi-stellar objects (QSOs), radio galaxies (RGs) and ultra-luminous infrared galaxies
(ULIRGs) with flux densities of F(60 pm) > 160 mJy Flux densities at larger wavelengths are also
given. Respecting the positional accuracy of < 0.3” (PCD req. 2.6.1), we extracted 17 sources being
suitable for the pointing calibration. Tab. 4] provides the final list containing names, coordinates,
redshifts, and expected flux densities.

Table 4: QSOs, RGs and ULIRGs that are suitable as pointing sources from RD-4. For every entry
we give the name, coordinates, redshift, and the expected flux densities at 60 um, 100 um and 170 pm
(90 pm and 180 um for the ULIRGS).

Coordinates Flux density

Name (J2000.0) z F(60um) | F(100 um) | F(170 um)

R.A. Dec. mJy] mJy] [mJy]

PG 0007+106 00:10:31.006  +10:58:29.50 | 0.089 171 221 < 228
PG 0050+124 00:53:34.940 +12:41:36.20 | 0.061 1752 2239 1529
3C 048 01:37:41.299 +33:09:35.13 | 0.367 460 829 554
0234428 (FR) 02:37:52.406 +28:48:08.99 | 1.213 160 162 260
3C 272.1 12:25:03.743 +12:53:13.14 | 0.004 700 1000 703
PG 12264023 (3C 273)Jr 12:29:06.700 +02:03:08.60 | 0.158 1124 1292 1292
3C 274.0 12:30:49.423 +12:23:28.04 | 0.004 610 954 322
PG 1229+204 12:32:03.605 +20:09:29.21 | 0.063 241 317 < 288
PG 1241+176 12:44:10.826 +17:21:04.52 | 1.273 378 217 < 96
3C 279 12:56:11.167 +05:47:21.52 | 0.536 2200 2300 1500
Mrk 231 12:56:14.234 +56:52:25.24 | 0.042 31680 27340* 9750*
PG 1302-102 13:05:33.015 +10:33:19.43 | 0.278 343 343 < 189
Mrk 273 13:44:42.111 +55:53:12.65 | 0.038 27450 23780* 8690*
PG 1613+658 16:13:57.179  +65:43:09.58 | 0.129 591 1002 730
3C 405 (Cyg A) 19:59:28.357 +40:44:02.10 | 0.056 3034 2155 —
3C 454.3f 22:53:57.748 +16:08:53.56 | 0.859 706 324 -
3C 459 23:16:35.232  +04:05:18.06 | 0.220 1035 — 815

*ULIRG flux densities given at 90 pm and 180 pm
falso in the blazar list in Tab.
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Appendices

A Celestial coverage

Figure 7: Celestial coverage of the 959 PACS pointing sources. The maps are given in equatorial
coordinates showing a range of 12 hours in right ascension centred around Oh (left) and 12h (right).
The open circles represent the multiple stars, crosses the extragalactic pointing calibrators. Both the
galactic and ecliptic planes are indicated.
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