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A B S T R A C T 

We used the Condor array telescope to obtain deep imaging observations through the luminance filter of the entirety of the NGC 

5866 Group, including a v ery e xtended re gion surrounding the galaxy NGC 5907 and its stellar stream. We find that the stellar 
stream consists of a single curved structure that stretches 220 kpc from a brighter eastern stream to a fainter western stream that 
bends to the north and then curls back toward the galaxy. This result runs contrary to a previous claim of a second loop of the 
stellar stream but is consistent with another previous description of the o v erall morphology of the stream. We further find that: 
(1) an extension of the western stream appears to bifurcate near its apex, (2) there is an apparent gap of ≈6 kpc in the western 

stream due east of the galaxy, (3) contrary to a previous claim, there is no evidence of the remnant of a progenitor galaxy within 

the eastern stream, although (4) there are many other possible progenitor galaxies, (5) there is another structure that, if it is at 
the distance of the galaxy, stretches 240 kpc and contains two very large, very low-surface-brightness ‘patches’ of emission, one 
of which was noted previously and another of which was not. We note the number and variety of stellar streams in the vicinity 

of NGC 5907 and the apparent gap in the western stream, which may be indicative of a dark sub-halo or satellite in the vicinity 

of the galaxy. 

Key words: Galaxies – galaxies: dwarf – galaxies: groups: individual – galaxies: interactions. 
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 I N T RO D U C T I O N  

ver the past several years, the subject of low-surface-brightness 
maging of astronomical sources has experienced a resurgence of 
nterest, driven by new instrumentation capable of recording low- 
urface brightnesses o v er wide fields of view. The edge-on spiral
alaxy NGC 5907 has become a prime target of such observations. 
he galaxy was disco v ered by William Herschel in 1788 using an
8.7-inch (47.5 cm) reflecting telescope (Herschel 1789 ) and is a 
ember of the NGC 5866 Group, which consists of at least the

alaxies NGC 5866 (or M102), NGC 5879, and NGC 5907. The 
GC 5866 Group is located near on the sky to the M101 Group

nd the M51 Group, and the redshifts of all three groups are similar,
hich suggests that they are all part of the same structure. 
Observations of NGC 5907 in H I by Sancisi ( 1976 ) showed that

he galaxy exhibits a pronounced warp, which was also observed 
t optical wavelengths by van der Kruit ( 1979 ), Sasaki ( 1987 ), and
ackett et al. ( 1994 ). Subsequent observations of the galaxy at optical
 E-mail: Kenneth.Lanzetta@stonybrook.edu 

e  

D  

o

The Author(s) 2024. 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
avelengths by Shang et al. ( 1998 ) and Zheng et al. ( 1999 ) revealed
 remarkable stellar stream forming a section of a loop surrounding
he disc of the galaxy. The galaxy and the stellar stream were then
bserved again at optical wavelengths by Mart ́ınez-Delgado et al. 
 2008 ), who reported that the stellar stream comprised not one but
wo full loops surrounding the disc of the galaxy and proposed that
oth loops could be plausibly modelled by N -body simulations as the
ccretion of a dwarf satellite onto the disc of the galaxy. Because the
onfiguration was so striking and unusual, this image of NGC 5907
y Mart ́ınez-Delgado et al. ( 2008 ) became the iconic image depicting
he effects of tidal interactions between accreting dwarf satellites and 
piral galaxies and is likely one of the most widely-recognized and
nfluential images of any galaxy ever. The galaxy was then observed
gain by Laine et al. ( 2016 ) using the Suprime–Cam imager on the
ubaru 8.2-m telescope through the Sloan g ′ , r ′ , and i ′ filters and
sing the infrared array camera on the Spitzer telescope at 3.6 μm;
hese observations detected only the first loop of the stellar stream. 

The situation took another dramatic turn when van Dokkum 

t al. ( 2019 ) used the Dragonfly Telephoto Array (Abraham & van
okkum 2014 ) to again observe the galaxy and the stellar stream at
ptical wavelengths. These observations (1) showed no evidence at 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Table 1. Details of observations. 

J2000 Exposure 
Pointing R.A. Dec (h) 

Condor field 6089 15:05:34.03 + 55:54:32.76 22.7 
Condor field 6090 15:20:24.74 + 55:54:32.76 25.0 
Condor field 6183 14:58:03.86 + 57:16:21.72 19.7 
Condor field 6184 15:13:32.90 + 57:16:21.72 24.1 
Condor field 6185 15:29:01.94 + 57:16:21.72 9.1 
NGC 5907 15:15:53.69 + 56:19:43.86 21.4 
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1 ‘Condor fields’ are set of fields with field centres that tile the entire sky with 
the Condor field of view, allowing for o v erlap. 
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ll of the second loop of the stellar stream but instead (2) indicated
hat the stellar stream consists of a single curved structure that
tretches 220 kpc, from the brighter ‘eastern stream’ or the first loop
dentified by Shang et al. ( 1998 ) and Zheng et al. ( 1999 ), across the
outhern edge of the galaxy, to a fainter ‘western stream’ that bends
o the north. Results of van Dokkum et al. ( 2019 ) further indicated
3) a ‘density enhancement near the luminosity-weighted midpoint
f the [eastern] stream,’ which they interpreted as the ‘likely remnant
f a nearly disrupted progenitor galaxy,’ (4) that the configuration
ould be plausibly modelled by N -body simulations, (5) a new
linear’ feature emanating from the eastern stream toward the east
nd terminating on a ‘patch’ of emission (6) a tentativ e e xtension of
he western stream to the north-east looping back south toward the
isc, (7) a tentative continuation of the eastern stream looping back
o the disc, and (8) a previously-uncatalogued dwarf galaxy located
ust west of the eastern stream. Subsequent observations at optical
avelengths by M ̈uller, Vudragovi ́c & B ́ılek ( 2019 ) and by Byun

t al. ( 2022 ) likewise showed no evidence at all of the second loop,
lthough these observations also did not detect the western stream or
ny of the other features reported by van Dokkum et al. ( 2019 ). 

In the late winter and spring of 2022, we used the Condor array
elescope (Lanzetta et al. 2023 ) to obtain deep imaging observations
hrough the luminance filter of the entirety of the NGC 5866 Group,
ncluding a very extended region surrounding the galaxy NGC 5907
nd its stellar stream. Our moti v ation was severalfold: 

(i) to assess the technical capabilities and sensitivity of Condor
n comparison with other telescopes optimized for low-surface-
rightness imaging, which is especially rele v ant since NGC 5907
nd its stellar stream have become something of a benchmark within
he low-surface-brightness community; 

(ii) to confirm (or refute) the results of van Dokkum et al. ( 2019 )
nd to weigh in on the apparent discrepancy between the results of
an Dokkum et al. ( 2019 ) and the results of Mart ́ınez-Delgado et al.
 2008 ); 

(iii) to search for ne w lo w-surface-brightness features in the
icinity of NGC 5907, potentially with greater sensitivity than any
re vious observ ations; 
(iv) to exploit the higher angular resolution of Condor with respect

o Dragonfly to help constrain the nature of the various low-surface-
rightness features in the vicinity of NGC 5907; 
(v) and to set low-surface-brightness features in the vicinity of

GC 5907 into the broader context of the NGC 5866 Group. 

Here we report results of these observations, which together
onstitute the deepest imaging observations of NGC 5907 and its
tellar stream and of the NGC 5866 Group yet obtained. In what
ollows, we adopt for the galaxy NGC 5907 a heliocentric recession
elocity v = 665 ± 1 km s −1 and redshift z = 0.002218 ± 0.000002
Springob et al. 2005 ) and a distance d ≈ 17 Mpc (Tully, Courtois &
orce 2016 ). 

 OBSERVATION S  

ondor is an ‘array telescope’ that consists of six apochromatic
efracting telescopes of objective diameter 180 mm, each equipped
ith a large-format (9576 × 6388 pix 2 ), very low-read-noise ( ≈1.2
 

−), very rapid-read-time ( < 1 s) CMOS camera. Condor is optimized
or measuring both point sources and e xtended, v ery low-surface-
rightness features and in its normal mode of broad-band operation
btains observations of exposure time 60 s over dwell times span-
ing dozens or hundreds of hours. In this way, Condor builds up
eep images while simultaneously monitoring tens or hundreds of
NRAS 529, 197–211 (2024) 
housands of point sources per field at a cadence of 60 s. Details of
he moti v ation, configuration, and performance of the telescope are
escribed by Lanzetta et al. ( 2023 ). 
In the late winter and spring of 2022, we used Condor to obtain

eep imaging observations through the luminance filter of the entirety
f the NGC 5866 Group. The Condor images differ from the
ragonfly images of NGC 5907 in three significant ways: (1) they are
f higher angular resolution (with a plate scale of 0.85 arcsec pix −1 

or Condor versus 2.8 arcsec pix −1 for Dragonfly), (2) they extend
 v er a wider field of view, and (3) they were obtained at a more
apid cadence. Here we consider only deep images formed from
ums of the individual e xposures, ne glecting an y temporal aspects of
he observations; we defer consideration these other aspects of the
bserv ations until else where. These observ ations targeted NGC 5907
nd the NGC 5866 Group in six different pointings: five pointings
o ‘Condor fields’ 1 and one pointing centred on NGC 5907. All
bservations were obtained with an individual exposure time of 60 s,
nd the telescope was dithered by a random offset of ≈15 arcmin
etween each exposure. Details of the observations are presented
n Table 1 , which for each pointing lists the International Celestial
eference System (ICRS) coordinates of the field centre and the

otal exposure time. The total exposure time summed over the six
ointings is 122 h. 

 C O N D O R  DATA  PIPELINE  PROCESSING  

e processed the observations described in Section 2 through the
ondor data pipeline. The data pipeline processing proceeds in

everal steps as follows: 

(i) Each science image is bias subtracted using a ‘master bias’
mage determined from a sequence of 500 zero-second exposures.
he master bias image appropriate for a particular science image

s typically obtained on the morning immediately preceding or
ollowing the acquisition of the science image. 

(ii) The width of the central region of the autocorrelation function
nd the average sky background level of each science image are
easured and recorded. These values are used subsequently to assess

he quality of the science images. 
(iii) Each science image is field flattened and background sub-

racted. As described by Lanzetta et al. ( 2023 ), this involves dividing
he science image by an appropriate ‘twilight flat image’ (i.e. a
um of images of the sky obtained during dusk or dawn twilight),
asking regions of the image surrounding detectable sources using

OISECHISEL (Akhlaghi & Ichikawa 2015 ; Akhlaghi 2019 ), fitting
he resulting quotient with a high-order (typically eighth-order) two-
imensional polynomial, and subtracting the resulting polynomial
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t from the quotient. Because the source mask depends on the 
ackground, this procedure is iterated through convergence (which 
ypically requires four iterations). 

(iv) Each science image is astrometrically calibrated. As described 
y Lanzetta et al. ( 2023 ), this involves fitting parameters of an affine
ransformation and a seventh-order geometric distortion polynomial 
n the TPV projection to pixel coordinates of sources detected in 
he image and celestial coordinates of sources contained in the Gaia 
R3 catalogue (Gaia Collaboration 2017 , 2018 , 2021 , 2022 ). The

strometric calibrations exhibit systematic differences between the 
ransformed pixel and celestial coordinates of � 0.1 arcsec. 

(v) Each science image is processed using MaxiMask (Paillassa, 
ertin & Bouy 2020 ), which is a convolutional neural network that

dentifies contaminants in astronomical images, including cosmic 
ay events and satellite trails. Pixels flagged by MaxiMask are 
xcluded from the subsequent analysis. Each science image is also 
rocessed using MaxiTrack (Paillassa, Bertin & Bouy 2020 ), which 
s a convolutional neural network that identifies images affected by 
racking errors. 

(vi) For each science image, an additional pixel mask is con- 
tructed, identifying pixels that are found in the master bias image to
xhibit significant effects of random telegraph noise (e.g. Chao et al. 
019 ). Pixels flagged in this way are excluded from the subsequent
nalysis. 

(vii) Each science image is photometrically calibrated. As de- 
cribed by Lanzetta et al. ( 2023 ), this involves comparing aperture
hotometry of sources detected in the image to Sloan g ′ magnitudes 
f sources contained in the Gaia DR3 catalogue (Gaia Collaboration 
017 , 2018 , 2021 ; Gaia Collaboration 2022 ). The resulting magni-
ude zero points are used subsequently to assess the quality of the
cience images. Note that this procedure scales the luminance images 
o Sloan g ′ magnitudes, although the luminance band pass is actually 
oughly comparable to the sum of the Sloan g ′ and r ′ band passes.
his introduces a colour-dependent ambiguity in the photometric 
alibration, which for low-redshift galaxies amounts to ≈0.25 mag. 

(viii) Each science image is associated with an uncertainty image, 
hich propagates the 1 σ uncertainty appropriate for each pixel, 

tarting from read noise and photon noise. 
(ix) Science images are rejected from the analysis based on 

1) poor or impossible astrometric calibration (indicating clouds 
r obstruction by an observatory wall), (2) large width of the 
utocorrelation function (indicating out-of-focus images or poor 
eeing conditions), (3) high background (indicating substantial man- 
ade or Moon light), (4) low sky transparency (indicating fog, haze, 

r clouds), or (5) significant tracking errors (indicating substantial 
ind buffeting). 
(x) The science images are then drizzled (Gonzaga et al. 2012 ) 

nto a common coordinate grid and coadded weighted for maxi- 
um sensitivity in the background-limited regime according to the 

ncertainty images. 

The resulting coadded images are show in Figs 1 through 6 , and
 coadded mosaic of the six images of the entirety of the NGC 5866
roup is shown in Fig. 7 . The measured point-source FWHM and
oint-source (5 σ ) and surface-brightness (3 σ o v er 10 × 10 arcsec 2 

egions) sensitivities of the various images (determined near the 
entres of the images) are presented in Table 2 . Note that the
WHM of Table 2 include the combined effects of focus, seeing, 

racking errors, and astrometric errors averaged over many images. 
lso note that the surface-brightness sensitivities of Table 2 are 

ormal statistical values determined from the uncertainty images 
nd neglect systematic uncertainties associated with field flattening, 
ackground subtraction, scattered starlight, and undetected faint 
ources. And finally note that the sensitivities of Table 2 do not
cale in a simple way with exposure time. For a telescope like
ondor that obtains observations spanning long dwell times, there 
ill of course be significant variations in seeing, background, and 

k y transparenc y o v er the course of the (perhaps substantial) duration
f the observations. So for this reason, exposure time alone is not a
ood indicator of the depth of an image. 

 ASSESSMENT  O F  FIELD  FLATTENI NG  A N D  

 AC K G R  O U N D  SUBTRAC TI ON  

rrors in field flattening and background subtraction can be signif- 
cant sources of systematic uncertainties at low-surface-brightness 
hresholds. Here we assess the field flattening and background 
ubtraction of the images of Figs 1 through 7 , concentrating on
he mosaic image of Fig. 7 . 

One possible assessment of errors in field flattening and back- 
round subtraction might be obtained by measuring fluctuations 
ithin randomly chosen apertures that by chance are devoid of 
etectable sources. But at the faint limits of the images of Figs 1
hrough 7 , the sky is co v ered with faint sources (mostly background
alaxies), at an incidence that exceeds 10 arcmin −2 . Hence there are
ssentially no apertures as large as, say, 1 × 1 arcmin 2 (or even
.5 × 0.5 arcmin 2 ) that are devoid of detectable sources. 
Instead, we assess errors in field flattening and background 

ubtraction by measuring the data co variance o v er ‘background’
ixels of the images, i.e. pixels of the images that are not masked
urrounding detectable sources using NOISECHISEL (as described in 
ection 3 , enumerated point iii). On small spatial scales (i.e. on scales
f a few pixels), we expect the images to be highly correlated due
o the drizzling process used to coadd the images (as described in
ection 3 , enumerated point x). But on larger spatial scales (i.e. on
cales of tens, hundreds, or thousands of pixels), the images should
deally exhibit zero covariance, and any non-zero covariance must 
ndicate large-spatial-scale undulations of the background, which 
ould be due in part to errors in field flattening and background
ubtraction. 

We consider some region of some image for which the uncertainty
mage o v er the background (i.e. unmasked) pixels is roughly constant
this applies o v er the central regions of all of the images considered
ere). The values of these pixels can be considered a random variable
f zero mean and constant variance. We write the data covariance C 

2 
l 

t some pixel lag l as 

 

2 
l = 

1 

N − 1 

∑ 

i 

x i x i−l , (1) 

here the sum extends over the N background pixels of the region.
he data covariance C 

2 
0 at zero pixel lag 

 

2 
0 = 

1 

N − 1 

∑ 

i 

x 2 i (2) 

s the pix el-to-pix el variance of the region. We further write the
orrelation coefficient ρ l at pixel lag l as 

l = 

C 

2 
l 

C 

2 
0 

. (3) 

ere we consider results obtained from a 5000 × 5000 pix 2 region of
he mosaic image of Fig. 7 centred on NGC 5907, although similar
esults can of course be obtained using other regions of other images.

The distribution � ( f ν) of pix el-to-pix el energy flux es f ν of the
ackground pixels of the mosaic region is shown by the blue curve in
MNRAS 529, 197–211 (2024) 
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M

Figure 1. Coadded image of Condor field 6089. Image is smoothed by Gaussian kernel of FWHM = 2.5 pix. Total exposure time is 22.7 h. 

Table 2. Image FWHM and sensitivities. Point-source sensitivities are 5 σ , 
and surface-brightness sensitivities are 3 σ o v er 10 × 10 arcsec 2 regions. 

Point Surface 
FWHM source brightness 

Pointing (arcsec) (mag) (mag arcsec −2 ) 

Condor field 6089 2.6 24.9 29.5 
Condor field 6090 3.0 24.6 29.4 
Condor field 6183 2.6 24.8 29.4 
Condor field 6184 3.0 24.7 29.5 
Condor field 6185 3.0 23.9 28.7 
NGC 5907 2.1 25.2 29.6 
Mosaic 2.3 25.5 29.9 
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ig. 8 . The pix el-to-pix el variance of the mosaic region is measured
o be 

 

2 
0 = 1 . 569 × 10 −4 μJy 2 , (4) 

hile the median ‘statistical’ variance σ 2 
s of the mosaic region

etermined from the background pixels of the uncertainty is image
s measured to be 

2 
s = 2 . 329 × 10 −4 μJy 2 . (5) 

he background pixels of the uncertainty image are indeed roughly
onstant o v er the mosaic re gion, and we use the median only to
itigate possible effects of deviant pix els. As e xpected, the pix el-to-

ixel variance is less than the median variance determined from the
ncertainty image, because the drizzling process used to coadd the
mages combines nearby pixels, which has the effect of ‘smoothing’
he image and thus reducing the variance. We characterize the
elationship between the pix el-to-pix el variance and the median
NRAS 529, 197–211 (2024) 
ariance determined from the uncertainty image by the ratio 

 = 

C 

2 
0 

σ 2 
s 

= 0 . 674 . (6) 

aussian distribution functions of standard deviations σ s and ( C 

2 
0 ) 

1 / 2 

re shown by the orange and green curv es, respectiv ely, in Fig. 8 . It is
lear that a standard deviation σ s is too wide to adequately describe
he observed distribution (for the reasons described above) and that
 standard deviation ( C 

2 
0 ) 

1 / 2 provides a better but still inadequate
escription of the observed distribution. Specifically, the observed
istribution deviates from a Gaussian distribution function due to an
xtended tail of positive energy fluxes, which we attribute to sources
issed by the masking procedure. A standard deviation 0 . 00995 μJy

determined by measuring the standard deviation of the observed
istribution truncated at 0.025 μJy) is shown by the purple curve in
ig. 8 ; this distribution function adequately describes the observed
istribution except for the extended tail of positive energy fluxes.
e conclude that pix el-to-pix el fluctuations of the mosaic region are
ell described by a combination of a Gaussian distribution function
f standard deviation ≈ 0 . 01 μJy and an extended tail of positive
nergy fluxes due to sources missed by the masking procedure, which
s prominent beyond ≈2.5 standard deviations. 

The correlation coefficient ρ l of the mosaic region for pixel lags
 v er the interval l = 0 through 1000 is shown in Fig. 9 . We note
everal results from Fig. 9 as follows: (1) Neighbouring pixels are
ighly correlated, with correlation coefficients ranging from ρ1 =
.60 for immediately adjacent neighbours to ρ5 = 0.16 to ρ10 = 0.04
o ρ20 = 0.02. We attribute the strong correlation of neighbouring
ixels to the drizzling process. (2) Pixels remain correlated to a pixel
ag of l ≈ 300, with a correlation coefficient o v er the range l =
0–300 of ρ l ≈ 0.005. We attribute the correlation of pixels at pixel
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Figure 2. Coadded image of Condor field 6090. Image is smoothed by Gaussian kernel of FWHM = 2.5 pix. Total exposure time is 25.0 h. Galaxy NGC 5907 
is toward upper right of image. 

Figure 3. Coadded image of Condor field 6183. Image is smoothed by Gaussian kernel of FWHM = 2.5 pix. Total exposure time array is 19.7 h. 
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Figure 4. Coadded image of Condor field 6184. Image is smoothed by Gaussian kernel of FWHM = 2.5 pix. Total exposure time is 24.1 h. Galaxy NGC 5907 
is toward lower centre of image. 

Figure 5. Coadded image of Condor field 6185. Image is smoothed by Gaussian kernel of FWHM = 2.5 pix. Total exposure time is 9.1 h. 
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Condor observations of NGC 5907 203 

Figure 6. Coadded image of NGC 5907. Image is smoothed by Gaussian kernel of FWHM = 2.5 pix. Total exposure time is 21.4 h. Galaxy NGC 5907 is near 
centre of image. 

Figure 7. Coadded mosaic of the six images of the entirety of the NGC 5866 Group. Image is smoothed by Gaussian kernel of FWHM = 2.5 pix, and angular 
extent of image is ≈7.0 × 3.5 deg 2 . Total exposure time summed over all six pointings is 122 h. 
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M

Figure 8. Distributions � ( f ν ) of pix el-to-pix el energy flux es f ν of back- 
ground pixels of mosaic region. Blue curve shows observed distribution, and 
orange, green, and purple curves show Gaussian distribution functions of 
standard deviations σ s , ( C 

2 
0 ) 

1 / 2 , and 0 . 00995 μJy, respectively. 

Figure 9. Correlation coefficient ρl (blue curves) together with positive 
and ne gativ e one standard deviation uncertainties (orange curves) of mosaic 
re gion for pix el lags o v er intervals l = 0 through 50 (left panel and left scale) 
and l = 50–1000 (right panel and right scale). 
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Figure 10. Factor f N by which standard deviation of background is altered 
with respect to value obtained considering uncertainty images alone (on a 
magnitude scale) of the mosaic region versus angular scale θ . 
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ags l = 50–300 to large-spatial-scale undulations of the background.
nd (3) pixels at pixel lags l � 300 are uncorrelated or only weakly

orrelated. 
We now consider the fluctuations attributable only to background

ithin an aperture that encompasses N pixels. If the N pixels are
ncorrelated, then the variance σ 2 

N of the background within the
perture is 

2 
N = 

∑ 

i 

C 

2 
0 = NC 

2 
0 , (7) 

here the sum e xtends o v er the pix els that comprise the aperture. If
he N pixels are correlated, then the variance is 

2 
N = 

∑ 

i 

C 

2 
0 + 

∑ 

i 

∑ 

j �= i 

C 

2 
l ≈ NC 

2 
0 + NC 

2 
0 2 π

n/ 2 ∑ 

l= 1 

lρl , (8) 

here the sums o v er i and j extend over the pixels that comprise the
perture and the sum o v er l extends over the diameter n ∼ N 

1/2 of the
perture. Expressing C 

2 
0 in terms of σ 2 

s and r via equation ( 6 ) then
NRAS 529, 197–211 (2024) 
ields 

2 
N = 

( 

1 + 2 π
n/ 2 ∑ 

l= 1 

lρl 

) 

Nrσ 2 
s . (9) 

he corresponding relationship expressed in terms of a standard
eviation rather than a variance is 

N = 

( 

1 + 2 π
n/ 2 ∑ 

l= 1 

lρl 

) 1 / 2 

N 

1 / 2 r 1 / 2 σs . (10) 

quation ( 10 ) provides the way to relate the formal statistical
ncertainties of the uncertainty images (and hence the sensitives
resented, e.g. in Table 2 ) to the actual uncertainties including effects
f pix el-to-pix el correlations on small spatial scales (due to the
rizzling process) and on large spatial scales (due to undulations
f the background). Specifically, the ultimate effect of pix el-to-pix el
orrelations is to alter the standard deviation attributable only to
ackground of an aperture that encompasses N pixels by a factor f N 
iven by 

 N = 

( 

1 + 2 π
n/ 2 ∑ 

l= 1 

lρl 

) 1 / 2 

r 1 / 2 (11) 

ith respect to the value 

N = N 

1 / 2 σs (12) 

hat is obtained by considering the uncertainty images alone. 
The resulting values of f N measured for the mosaic region are

hown (on a magnitude scale) versus angular scale θ (i.e. expressing
iameter n in angular units) in Fig. 10 , using the correlation coeffi-
ient ρ l from Fig. 9 and the ratio r from equation ( 6 ). Fluctuations on
ingle-pixel scales are less by a factor 0.82 (or −0.2 mag) than the
alue obtained by considering the uncertainty image alone due to the
rizzling process. Fluctuations of the background o v er 0.5 × 0.5 and
 × 1 arcmin 2 apertures exceed the values obtained by considering
he uncertainty image alone by around 2.0 and 2.3 mag, respectively.

The v alues sho wn in Fig. 10 represent upper limits to the errors
n field flattening and background subtraction of the mosaic region,
ecause fluctuations in the background also arise due to scattered
tarlight and to undetected faint sources (including the faint sources
hat make up the extended tail of positive energy fluxes of the
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Figure 11. Radial cut of representative example of PSF determined accord- 
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istribution of pix el-to-pix el energy fluxes of the background pixels 
f the mosaic regions shown in Fig. 8 ). Further, fluctuations in the
ackground are not necessarily simply related to sensitivity; for 
xample, a source of diameter 0.1 arcmin might be detected despite 
ndulations in the background on scales of 1 arcmin. A detailed 
ccounting of all sources of fluctuations in the background will be 
escribed elsewhere. 

 C O R R E C T I O N  F O R  SCATTERED  STARLI GHT  

lthough Condor exhibits a very clean point spread function (PSF; 
anzetta et al. 2023 ), scattered starlight can be a significant source of
ystematic noise. Hence to fully exploit the sensitivity of the images 
escribed in Section 3 to very low-surface-brightness features, it 
s necessary to correct for scattered starlight by (1) accurately 
etermining the PSF on large angular scales and (2) using the 
esulting PSF to model and subtract the contributions of all stars
ithin (and possibly even beyond) the field of view. Details of
ur method of PSF determination and subtraction will be described 
lsewhere, but here we present a brief summary of the procedures 
nd results. 

To determine the PSF, we compare a ‘data’ image with a ‘model’
mage, where we take the model image to be the convolution of a
sky’ image with a ‘PSF’ image. We allow for the possibility that
he model image (and hence the PSF image) is expressed on a finer
rid than the data image (i.e. is ‘subsampled’ with respect to the
ata image). We assume that the sky consists only of stars (i.e. we
ask regions around galaxies and other non-stellar sources), and 

ence we take the sky image to be a sum of delta functions, where
he locations of the delta functions (i.e. the locations of the stars) are
aken as given. We then write the comparison between the data image
nd the model image as a linear least squares problem, and we solve
he normal equations (e.g. Press et al. 2007 ) to minimize χ2 with
espect to some parameters. In particular, if the normalizations of the 
elta functions (i.e. the energy fluxes of the stars) are taken as given,
hen we solve the normal equations for the PSF image, or if the PSF
mage is taken as given, then we solve the normal equations for the
nergy fluxes of the stars. In practice, starting with any reasonable 
uess for the energy fluxes of the stars and iterating between solving
or the PSF image and solving for the energy fluxes of the stars, the
olution quickly converges to the desired simultaneous solution. 

Our primary objective is to determine and subtract the PSF on large
ngular scales, and for this purpose, the limitations of a pixel-based 
pproach are obvious: near the core of the PSF, a fine pixel grid is both
ecessary (because the PSF exhibits rapid variations at small angles) 
nd feasible (because observations of the PSF contain substantial 
ignal at small angles). But moving outward from the core of the
SF, the same fine pixel grid becomes both unnecessary (because the 
SF exhibits less rapid variations at larger angles) and implausible 
because observations of the PSF contain less signal at larger angles). 
learly some sort of adaptive parametrization is required, which is 
ner near the core of the PSF and grows increasingly coarser moving
utward. 
Accordingly, we modify the method described abo v e to allow 

rbitrary groupings of pixels on the pixel grid of the model image (and
ence the PSF image) to be treated as single parameters. Specifically, 
e rewrite the normal equations to allow for (1) a pixelated parameter
rid near the core of the PSF and (2) a circular annulus (if azimuthal
ymmetry is assumed) or annulus sector (if azimuthal symmetry is 
ot assumed) parameter grid moving outward from the core. Together 
hese modifications optimally represent the PSF o v er a huge dynamic
ange, vastly reduce the dimensionality of the problem, and remain 
inear in the parameters. 

We emphasize that the method determines the PSF by simulta- 
eously fitting all stars in the field, so there is no requirement of
ncorporating only isolated stars into the analysis. 

In practice, we take locations and starting values of the energy
uxes of the stars from the Gaia DR3 catalogue (Gaia Collaboration
017 , 2018 , 2021 , 2022 ), and we solve for the PSF image and the
nergy fluxes of the stars assuming a pixelated PSF at angular radius
< 20 arcsec and an azimuthally-symmetric PSF at angular radius 

0 arcsec < θ < 10 arcmin, masking regions around galaxies and
ther non-stellar sources. We then subtract the model from the data,
asking pixels of the result near the very cores of the stars at an

sopohotal flux limit (this masking is necessary because residuals 
ear the cores of the stars can be large compared with the very low-
urface brightness limits farther from the cores). A radial cut of a
epresentativ e e xample of the PSF determined from the mosaic image
s shown in Fig. 11 . It is apparent from Fig. 11 that the ‘aureole’
ortion of the PSF (i.e. beyond an angular radius θ ≈ 20 arcsec)
oughly follows a θ−2 radial profile, which is similar to the radial
rofiles of some other telescopes used for low-surface-brightness 
maging (e.g. Sandin 2014 ). The processed image of a portion of
he mosaic image surrounding NGC 5907 obtained by modelling 
nd subtracting the contributions of stars in the Gaia DR3 catalogue
s show in two different stretches in Fig. 12 ; Fig. 12 also shows
chematic representation of features described in Section 6 below. 

Our analysis differs from the analysis of van Dokkum et al. ( 2019 )
n that we model and subtract only contributions from stars (and
he occasional galaxy) that are contained in the Gaia DR3 catalogue
hereas they model and subtract contributions from all ‘compact 

mission sources.’ It is apparent from Fig. 12 that our processed
mages exhibit a large number of faint sources, the vast majority
f which are faint, background galaxies. But some fraction of these
aint sources might be associated with NGC 5907, e.g. as dwarf
alaxies, globular clusters, or perhaps other types of star clusters or
ssociations. This difference between our analysis and the analysis 
f van Dokkum et al. ( 2019 ) leads to some important consequences,
s is described below. 
MNRAS 529, 197–211 (2024) 
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Figure 12. Processed mosaic image of region around NGC 5907 at shallower (top and middle panels) and deeper (bottom panel) stretches. Image is smoothed 
by Gaussian kernel of FWHM = 2.5 pix. Middle panel shows schematic representation of features described in Section 6 labelled as follows: 1 (green) eastern 
stream, 2 (red) western stream, 2a (purple) apparent gap in western stream, 3 (orange) putative second loop of stellar stream, 4a and 4b (white) feature and 
clump of sources in eastern stream, 5 (maroon) linear feature terminating on patch, 6 (pink) putative extension of western stream, 7 (brown) continuation of 
eastern stream, 8 (blue) western ‘horn’, 9 (turquoise) southern ‘spur,’ 10 (aqua) western ‘hook,’ and A–G (yellow) dwarf galaxies. 
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 RESULTS  A N D  C O M PA R I S O N  WITH  

R E V I O U S  WO R K  

ere we use the processed mosaic image of the region surrounding
he galaxy NGC 5907 shown in Fig. 12 to assess the various
stablished, proposed, and tentative features reported by others and 
ropose new features and new interpretations of some previously 
eported features. 

.1 Eastern stream 

ur image of the eastern stream (which is indicated as feature 1
n green in Fig. 12 ) through the luminance filter is consistent in
ocation, size, shape, brightness, and o v erall morphology with the 
mage of the eastern stream through the sum of the Sloan g ′ and r ′ 

lters presented by van Dokkum et al. ( 2019 ), which we established
y o v erlaying and comparing the two images. In contrast, both our
mage and the image of van Dokkum et al. ( 2019 ) of the eastern
tream are inconsistent with the image of the eastern stream through 
he sum of the R , G , B , and luminance filters presented by Mart ́ınez-
elgado et al. ( 2008 ) in the sense that the portion of the stream that is
aximally displaced from the disc of the galaxy (i.e. the apex of the

tream) in the image of Mart ́ınez-Delgado et al. ( 2008 ) lies interior
o the same portion of the stream in our image and the image of
an Dokkum et al. ( 2019 ), which we established by o v erlaying and
omparing the three images. The displacement of the stream o v er
his region between the two dichotomous sets of images amounts to 

1 arcmin. This discrepancy in the location of the eastern stream 

as noted previously by van Dokkum et al. ( 2019 ). 
We measured the typical surface brightness through the luminance 

lter of the eastern stream to be μlum 

≈ 27.4 mag arcsec −2 . This value
ay be compared with the peak surface brightness through the Sloan 
 

′ filter of the eastern stream measured by van Dokkum et al. ( 2019 )
o be μg ′ = 27 . 6 mag arcsec −2 . 

.2 Western stream 

ur image of the western stream (which is indicated as feature 2 in
ed in Fig. 12 ) through the luminance filter is consistent in location,
ize, shape, brightness, and o v erall morphology with the image of
he western stream through the Sloan g ′ and r ′ filters presented by
an Dokkum et al. ( 2019 ), which we established by o v erlaying and
omparing the two images. In contrast, both our image and the image
f van Dokkum et al. ( 2019 ) of the western stream are inconsistent
ith the image of the western stream through the R , G , B , and

uminance filters presented by Mart ́ınez-Delgado et al. ( 2008 ) in the
ense that the image presented by Mart ́ınez-Delgado et al. ( 2008 )
hows only a small portion of the western stream, near where it
merges from the southern edge of the galaxy, and does not show
he remainder of the stream, as it bends toward the north, which
e established by o v erlaying and comparing the three images. This
iscrepancy in the morphology of the western stream was noted 
reviously by van Dokkum et al. ( 2019 ). 
We measured the typical surface brightness through the luminance 

lter of the western stream to be μlum 

≈ 28.6 mag arcsec −2 . This
alue may be compared with the typical surface brightness through 
he Sloan g ′ filter of the western stream measured by van Dokkum
t al. ( 2019 ) to be μg ′ = 28 . 8 mag arcsec −2 . Thus, consistent with
esults of van Dokkum et al. ( 2019 ), we find that the western stream
s of surface brightness significantly lower than that of the eastern 
tream (by ≈1.2 mag arcsec −2 ). Apparently, images that fail to detect
ll or part of the western stream must not reach surface-brightness
ensitivities of ≈28.7 mag arcsec −2 o v er angular scales necessary to
etect the stream. 

Our image also shows an apparent gap in the western stream due
ast of the galaxy. The gap is followed by a mark ed thick ening or
nhancement of the western stream, although its surface brightness 
oes not increase significantly in this thicker region. The apparent 
ap in the western stream is indicated as feature 2a in purple in
ig. 12 . The gap extends ≈70 arcsec, which at the distance of NGC
907 corresponds to ≈6 kpc. 

.3 Putati v e second loop of stellar stream 

either our image through the luminance filter nor the image through
he Sloan g ′ and r ′ filters presented by van Dokkum et al. ( 2019 ) show
ny evidence at all of the second loop of the stellar stream seen in
he image through the R , G , B , and luminance filters presented by

art ́ınez-Delgado et al. ( 2008 ). The location of the putative second
oop of the stellar stream is indicated as feature 3 in orange in Fig. 12 ,
hich we determined by o v erlaying and tracing the feature from

he image of Mart ́ınez-Delgado et al. ( 2008 ). Our image reaches
 formal 3 σ surface-brightness sensitivities o v er 10 × 10 arcsec 2 

egions of ≈29.9 mag arcsec −2 (see Table 2 ), and van Dokkum et al.
 2019 ) quote a 3 σ surface-brightness sensitivity of 29.4 mag arcsec −2 

although they do not state the angular scale over which this limit is
eant to apply). We see no plausible way for colour effects to explain

he discrepanc y, giv en that the observations reported by Mart ́ınez-
elgado et al. ( 2008 ) were obtained either through the luminance
lter, as were our observations, or through a ‘synthetic’ luminance 
lter (formed using observations obtained through the R , G , and B
lters). 
We conclude that the second loop of the stellar stream seen in the

mage presented by Mart ́ınez-Delgado et al. ( 2008 ) is not real and
ust result from some artefact of their data processing; we further

uggest that the discrepancies in the location of the eastern stream
nd the morphology of the western stream must also result from
ome artefact of their data processing. 

.4 Putati v e remnant of nearly disrupted progenitor galaxy 
nd luminosity-weighted midpoint of eastern stream 

ur image shows a ‘feature’ (which is indicated as feature 4a in
hite in Fig. 12 ) near the location of the ‘density enhancement near

he luminosity-weighted midpoint of the (eastern) stream’ noted by 
an Dokkum et al. ( 2019 ). But our images resolve this feature into a
lump of sources, which we interpret as members of a background
alaxy group or cluster rather than as the ‘likely remnant of a nearly
isrupted progenitor galaxy’ proposed by van Dokkum et al. ( 2019 ).
Our image also shows a different clump of sources (which is

ndicated as feature 4b in white in Fig. 12 ) near the ‘luminosity-
eighted midpoint’ of the eastern stream, including one relatively 
right galaxy that might be a dwarf galaxy associated with NGC
907 or might be a member of a background galaxy group or cluster
this galaxy is included into the Gaia DR3 catalogue, and our analysis
escribed in Section 4 attempted to model and subtract it, although
nsuccessfully since it is not a point source). But in either case, it is
lear from Fig. 12 that galaxies (background or otherwise) or other
iscrete sources contribute significantly to the luminosity-weighted 
idpoint of the eastern stream. In particular, much of the ‘density

nhancement’ of the eastern stream found by van Dokkum et al.
 2019 ; i.e. the portions of their Fig. 3 depicted in red) is in fact
ontributed by discrete sources, which we established by o v erlaying
nd comparing our Fig. 12 with their Fig. 3 (the discrete sources can
MNRAS 529, 197–211 (2024) 



208 K. M. Lanzetta et al. 

M

b  

t  

s  

d  

n
 

(  

i  

g  

a  

b  

s  

t  

t

6

O  

s  

i  

i  

e  

a  

c  

i  

r  

T  

t  

t  

p
 

fi  

s  

b  

s  

a  

t  

b  

f  

i  

b
≈  

c  

s  

a  

o  

e  

b  

t  

i
 

s  

v  

s  

l  

s  

t  

o  

w  

t  

p  

≈  

o  

W  

s  

W  

W  

i  

e

6

O  

i  

D  

o  

t  

c  

t  

t  

t  

t  

o

6

O  

i  

D  

t  

t  

o  

t  

t  

b  

e  

c  

6

O  

8  

p  

h  

a  

t  

o  

t  

w  

w  

s
 

t  

a

6

O  

p  

s  

t  

t  

t

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/529/1/197/7615899 by guest on 24 M
ay 2024
e picked out one by one by means of this comparison). Further,
he possible asymmetry in the density enhancement of the eastern
tream noted by van Dokkum et al. ( 2019 ) is in fact contributed by
iscrete sources, including in particular the relatively bright galaxy
oted abo v e. 
We conclude that the feature proposed by van Dokkum et al.

 2019 ) as the likely remnant of a nearly disrupted progenitor galaxy
s not the progenitor galaxy but is in fact a member of a background
alaxy group or cluster and that the density enhancement and possible
symmetry of the density enhancement of the eastern stream noted
y van Dokkum et al. ( 2019 ) is in fact contributed by discrete
ources. This difference of interpretation presumably arises due to
he higher angular resolution of our observations in comparison with
he observations of van Dokkum et al. ( 2019 ). 

.5 Linear feature terminating on patch 

ur images confirm the ‘linear’ feature emanating from the eastern
tream toward the east and terminating on a ‘patch’ of emission
dentified by van Dokkum et al. ( 2019 ). But our images further
ndicate that the feature continues past the patch toward the east and
ventually terminates on another patch of emission located ≈0.37 deg
way from the first patch (which itself is located ≈0.67 deg from the
entre of NGC 5907). Our images also further indicate that first patch
s itself resolved into two roughly parallel linear segments running
oughly east–west and another clump of emission toward the east.
his entire structure is indicated as feature 5 in maroon in Fig. 12 . In

otal, the structure stretches ≈0.85 deg from where it emanates near
he apex of the eastern stream to where it terminates on the second
atch. 
We measured the typical surface brightness through the luminance

lter of the first patch to be μlum 

≈ 28.1 mag arcsec −2 and the typical
urface brightness through the luminance filter of the second patch to
e μlum 

≈ 28.9 mag arcsec −2 . Thus we find that both patches are of
urface brightness significantly lower than that of the eastern stream
nd that the first patch is of surface brightness significantly higher
han that of the western stream while the second patch is of surface
rightness comparable to that of the western stream. The linear
eature and the continuation of the linear feature vary significantly
n brightness along their lengths, but we measured a typical surface
rightness through the luminance filter of these features to be μlum 

29.7 mag arcsec −2 . Thus we find that the linear feature and the
ontinuation of the linear feature are typically of surface brightness
ignificantly lower than that of the patches (by ≈1.0 mag arcsec −2 ),
lthough we note a significant brightening of the linear feature west
f the first patch, roughly midway between the first patch and the
astern stream. We measured the angular extent of the first patch to
e ≈530 × 240 arcsec 2 and the angular extent of the second patch
o be ≈220 × 270 arcsec 2 , where the measurements apply to an
sophotal contour of ≈29 mag arcsec −2 . 

We conclude that the linear feature emanating from the eastern
tream toward the east and terminating on a patch identified by
an Dokkum et al. ( 2019 ) are part of a yet larger structure. If this
tructure is at the distance of NGC 5907 (which is plausible or
ikely given that it appears to emanate near the apex of the eastern
tream), then the first patch is located ≈200 kpc from the centre of
he galaxy, the second patch is located ≈300 kpc from the centre
f the galaxy, and the entire structure stretches ≈240 kpc from
here it emanates near the apex of the eastern stream to where it

erminates on the second patch. Further, the spatial extent of the first
atch is ≈43 × 20 kpc 2 , the spatial extent of the second patch is
18 × 22 kpc 2 , the absolute magnitude through the luminance filter
NRAS 529, 197–211 (2024) 
f the first patch is ≈−15.4, i.e. roughly 0 . 6 per cent that of the Milky
ay, and the absolute magnitude through the luminance filter of the

econd patch is ≈−14.2, i.e. roughly 0 . 2 per cent that of the Milky
ay (where we take the Sloan g ′ absolute magnitude of the Milky
ay to be −21.0, e.g. Bland-Hawthorn & Gerhard 2016 ). Multiband

maging of the field surrounding NGC 5907 will be necessary to
stablish the nature of the patches of emission. 

.6 Putati v e extension of western stream 

ur image confirms the extension of the western stream (which is
ndicated as feature 6 in pink in Fig. 12 ) tentatively identified by van
okkum et al. ( 2019 ). This extension continues along the direction
f the western stream described in Section 6.2 toward the north and
hen curls back south toward NGC 5907, about 0.3 deg north of the
entre of the galaxy. Our image further shows that the stream appears
o bifurcate near its apex. We measured the typical surface brightness
hrough the luminance filter of the extension of the western stream
o be μlum 

≈ 28.9 mag arcsec −2 . Thus we find that the extension of
he western stream is of surface brightness lower than that of the rest
f the western stream (by ≈0.3 mag arcsec −2 ). 

.7 Putati v e continuation of eastern stream 

ur image confirms the continuation of the eastern stream (which is
ndicated as feature 7 in brown in Fig. 12 ) tentatively identified by van
okkum et al. ( 2019 ). We measured the typical surface brightness

hrough the luminance filter of the continuation of the eastern stream
o be μlum 

≈ 29.0 mag arcsec −2 . Thus we find that the continuation
f the eastern stream is of surface brightness significantly lower than
hat of the bulk of the eastern stream and lo wer e ven than that of
he western stream. There is some indication of a gap between the
righter bulk of the eastern stream and the fainter continuation of the
astern stream that joins up to the disc, although this gap is roughly
oincident with three Gaia sources, which muddy the interpretation.

.8 Wester n ‘hor n’ 

ur image reveals a new western ‘horn’ (which is indicated as feature
 in blue in Fig. 12 ) emanating from the western side of the northern
ortion of the disc of NGC 5907 and extending to the northwest. The
orn constitutes a thin, roughly linear feature of diffuse emission. We
lso tentatively identify a continuation of the horn that meanders from
he northern tip of the horn northward by ≈0.15 deg to the extension
f the western stream described in Section 6.6 . We measured the
ypical surface brightness through the luminance filter μlum 

of the
estern horn to be μlum 

≈ 29.0 mag arcsec −2 . Thus we find that the
estern horn is of surface brightness lower than that of the western

tream. 
The western horn is apparent in the image through the sum of

he Sloan g ′ and r ′ filters presented by van Dokkum et al. ( 2019 ),
lthough these authors did not call attention to the feature. 

.9 Southern ‘spur’ 

ur image reveals a new southern ‘spur’ emanating from the southern
ortion of the western stream and continuing to the southwest. The
pur comprises a band of diffuse emission of thickness comparable
o the thickness of the western stream that runs almost perpendicular
o the western stream. We measured the typical surface brightness
hrough the luminance filter μlum 

of the southern spur to be μlum 

≈
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Table 3. Properties of known galaxies in the immediate vicinity of NGC 5907. 

J2000 v rec Absolute b b disc 

Source Name R.A. Dec (km s −1 ) Type Magnitude Magnitude (kpc) (kpc) 

A MCG + 10-22-010 15:17:25.2 + 56:39:48.5 781 ± 80 dIrr 14.987 ± 0.003 −16.2 117 99 
C LEDA 54419 15:14:47.8 + 56:27:14.8 710 dIrr 16.2006 ± 0.004 −14.9 56 21 
D 2MASX J15140431 + 5630186 15:14:04.3 + 56:30:18.7 – – 19.6156 ± 0.008 −11.5 (?) 89 43 
E LEDA 2535522 15:18:23.6 + 56:23:58.1 – – 20.44 ± 0.01 −10.7 (?) 106 102 
G LEDA 2523331 15:16:46.5 + 56:02:16.0 – – 20.58 −10.6 (?) 86 0 
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9.0 mag arcsec −2 . Thus we find that the southern spur is of surface
rightness lower than that of the western stream. 
The southern spur is not obviously evident in the image through 

he sum of the Sloan g ′ and r ′ filters presented by van Dokkum et al.
 2019 ). 

.10 Western ‘hook’ 

ur image reveals a new western ‘hook’ (which is indicated as feature
0 in aqua in Fig. 12 ) located ≈0.68 deg due west of the centre of
GC 5907. Hence the western hook is about as far west of the galaxy

s the first patch described in Section 6.5 is east of the galaxy. There is
o clear and obvious connection between the hook and NGC 5907, 
ut if the hook is at the distance of the galaxy, then it is located
200 kpc from the centre of the galaxy. We measured the typical

urface brightness through the luminance filter μlum 

of the western 
ook to be μlum 

≈ 29.0 mag arcsec −2 . Thus we find that the western
ook is of surface brightness lower than that of the western stream. 
The western hook is not co v ered by the image through the sum of

he Sloan g ′ and r ′ filters presented by van Dokkum et al. ( 2019 ). 

.11 Dwarf galaxies 

ig. 12 calls attention to several sources, which are identified as
ources A through G in yellow in the figure. Source B in Fig. 12 is
he previously uncatalogued putative dwarf galaxy located just west 
f the eastern stream reported by van Dokkum et al. ( 2019 ). The
roximity of this galaxy to the eastern stream obviously suggests 
hat the galaxy is associated with (rather than behind) NGC 5907, 
ut without spectroscopy or multiband imaging, it is not possible to 
now for sure. 
But interestingly, there are several known galaxies in the immediate 

icinity of NGC 5907 – two of which are known to be associated
ith the galaxy – that were not considered by the analysis of van
okkum et al. ( 2019 ) because they were modelled and subtracted by

heir analysis as ‘compact emission sources.’ These include sources 
, C, D, E, and G in Fig. 12 . In particular: 

(i) Source A: This galaxy (MCG + 10-22-010) exhibits a helio- 
entric recession velocity 781 ± 80 km s −1 (Falco et al. 1999 )
onsistent with the recession velocity of NGC 5907 and a Sloan g ′ 

agnitude g ′ = 14.987 ± 0.003 (Adelman-McCarthy et al. 2011 ) and 
s morphologically classified as a dwarf irregular galaxy (Ann, Seo & 

a 2015 ). At the distance of NGC 5907, the absolute magnitude of
ource A is ≈−16.2, i.e. roughly comparable to that of the Small

agellanic Cloud (SMC). The projected impact parameter of source 
 to the centre of NGC 5907 is ≈117 kpc and to the plane of the disc

s ≈99 kpc. 
(ii) Source C: This galaxy (LEDA 54419) exhibits a heliocentric 

ecession velocity 710 km s −1 (Wenger et al. 2000 ) consistent with
he recession velocity of NGC 5907 and a Sloan g ′ magnitude 
 

′ = 16.206 ± 0.004 (Wenger et al. 2000 ) and is morphologically
lassified as a Magellanic irregular galaxy (Ann, Seo & Ha 2015 ).
t the distance of NGC 5907, the absolute magnitude of source C

s ≈−14.9, i.e. roughly 0.3 times that of the SMC. The projected
mpact parameter of source C to the centre of NGC 5907 is ≈56 kpc
nd to the plane of the disc is ≈21 kpc. 

(iii) Source D: This galaxy (2MASX J15140431 + 5630186) ex- 
ibits a Gaia G magnitude G = 19.615 ± 0.008 (Gaia Collaboration
022 ). If it is at the distance of NGC 5907, then the absolute
agnitude of source D is ≈−11.5, i.e. roughly 1 per cent that of

he SMC, and the projected impact parameter to the centre of NGC
907 is ≈89 kpc and to the plane of the disc is ≈43 kpc. This galaxy
s of particular interest because it is located at the very terminus
f the western stream (and at the starting point of the putative
xtension of the western stream), near the location of the thickening
r enhancement of the western stream noted in Section 6.2 . Because
he galaxy is included into the Gaia DR3 catalogue, our analysis
escribed in Section 4 attempted (unsuccessfully, because it is not a
oint source) to model and subtract it. 
(iv) Source E: This galaxy (LEDA 2535522) exhibits a Gaia G 

agnitude G = 20.44 ± 0.01 (Gaia Collaboration 2022 ). If it is at
he distance of NGC 5907, then the absolute magnitude of source E is
−10.7, i.e. roughly 0 . 6 per cent that of the SMC, and the projected

mpact parameter to the centre of NGC 5907 is ≈106 kpc and to
he plane of the disc is ≈102 kpc. As with source D, this galaxy is
ncluded into the Gaia DR3 catalogue, and our analysis attempted to

odel and subtract it. 
(v) Source G: This galaxy (LEDA 2523331) exhibits a Gaia G 

agnitude G = 20.58 (Gaia Collaboration 2022 ). If it is at the
istance of NGC 5907, then the absolute magnitude of source G is
−10.6, i.e. roughly 0 . 5 per cent that of the SMC, and the projected

mpact parameter to the centre of NGC 5907 is ≈96 kpc, and it is
oughly in the plane of the disc. As with source D, this galaxy is
ncluded into the Gaia DR3 catalogue, and our analysis attempted to

odel and subtract it. 

Properties of these galaxies are summarized in Table 3 , which for
ach galaxy lists the source, name, ICRS coordinates, heliocentric 
ecession velocity v rec , Sloan g ′ or Gaia G magnitude, morphological
ype, absolute Sloan g ′ or Gaia G magnitude M , impact parameter b ,
nd impact parameter to the plane of the disc b disc . 

Source F in Fig. 12 might appear at first glance to be a dwarf galaxy
n close proximity to the eastern stream. But our images resolve
his ‘source’ into a number discrete sources, which we interpret 
s a background galaxy group or cluster. There are several other
ackground galaxy groups or clusters also evident in the images. 
We conclude that there are at least several (and possibly many
ore) dwarf galaxies associated with NGC 5907 that may play roles

s progenitor galaxies. The few galaxies considered here are far 
rom a complete inventory of dwarf galaxies and possible dwarf 
alaxies associated with NGC 5907, and as is discussed in Section 4 ,
MNRAS 529, 197–211 (2024) 
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ur processed images exhibit a large number of faint sources, some
raction of which could be dwarf galaxies. Multi-object spectroscopy
r multiband imaging of faint sources in the field surrounding NGC
907 will be necessary to identify other dwarf galaxies associated
ith NGC 5907. 

.12 Possible confusion with galactic cirrus 

o assess possible confusion with Galactic cirrus in the direction
f NGC 5907, we examined (1) AKARI far-infrared all-sky survey
aps at 65, 90, 140, and 165 μm (Doi et al. 2015 ) and (2) an interstel-

ar reddening map derived from H I emission (Lenz, Hensley & Dor ́e
017 ). We found that at the Galactic coordinates l = 91.58 deg and
 = + 51.09 deg of the galaxy, there is negligible infrared emission at
ny AKARI band pass, and there is negligible interstellar reddening.
e therefore consider it highly unlikely that any of the very low-

urface-brightness features in the direction of the galaxy arise due to
alactic cirrus. 

 SUMMARY  A N D  DISCUSSION  

he results described in Section 5 confirm the o v erall picture of the
alaxy NGC 5907 and its stellar stream advanced by van Dokkum
t al. ( 2019 ): the stellar stream consists of a single curved structure
hat stretches 220 kpc from the brighter eastern stream, across the
outhern edge of the galaxy, to a fainter western stream that bends
o the north and then curls back south toward the galaxy. But these
esults also demonstrate that the situation is more subtle and complex
n several respects: (1) the western stream appears to bifurcate near
ts apex, (2) there is an apparent gap of ≈6 kpc in the western stream
ue east of the galaxy, (3) there is no evidence of the remnant of a
rogenitor galaxy within the eastern stream, although (4) there are
any other possible progenitor galaxies, including some that are

uite close and at least one that is located within the western stream,
5) there is another structure that stretches 240 kpc and that contains
wo very large, very low-surface-brightness patches of emission,
ne of which was noted by van Dokkum et al. ( 2019 ) and another of
hich was not, and (6) there are other notable new features, including
 western ‘horn,’ a southern ‘spur,’ and a western ‘hook.’ 

We consider several aspects of these results to be particularly
ignificant as follows: 

First, we note that two different N -body simulations (i.e. by
art ́ınez-Delgado et al. 2008 and by van Dokkum et al. 2019 ) predict

wo very different configurations for the stellar stream, both of which
pparently run counter to observation (in one case with respect to
he second loop and in the other case with respect to the remnant of
 nearly disrupted progenitor galaxy). This suggests to us that the
oundary conditions of both simulations are very significantly under
onstrained. We propose that a correct and complete understanding
f the nature and origin of the stellar stream can be obtained using
 -body simulations only if additional boundary conditions can be

upplied, most crucially relating to the eastern stream and of source
. 
Second, we are intrigued by the number and variety of stellar

treams in the vicinity of NGC 5907, including the eastern stream,
he western stream, the structure containing the linear feature and
wo patches of emission, and possibly the western hook. Given that

ore than 100 stellar streams are known in the vicinity of the Milky
ay (e.g. Mateu 2022 ), there is every reason to suspect that similar

etworks of stellar streams might be found around other galaxies,
ncluding NGC 5907. 
NRAS 529, 197–211 (2024) 
Third, we are struck by the apparent gap in the western stream.
aps in stellar streams may be caused by the impacts of dark ‘sub-
aloes’ or satellites orbiting within the haloes of massive galaxies
e.g. Helmi & K oppelman 2016 ; K oppelman & Helmi 2020 ). Hence
he apparent gap in the western stream may be indicative of a dark
ub-halo or satellite in the vicinity of the galaxy. Further observations
nd analysis are clearly required to confirm and interpret the apparent
ap. 

Finally, we are puzzled by the nature of the two very large,
ery low-surface-brightness patches of emission. If these patches
re considered to be galaxies, then they are extremely low-surface-
rightness galaxies; if these patches are not considered to be galaxies,
hen is not clear what the y are, and the y presumably represent some
ew phenomenon with no known analogue. We speculate that the
resence of the patches is in some way related to the presence of the
idal stream, although the morphology of the linear feature and the
atches together is vaguely reminiscent of ‘jellyfish’ galaxies (e.g.
oretti et al. 2018 ) or of the young, isolated stellar systems found in

he Virgo cluster (Jones et al. 2022 ), both of which may be formed
ia ram-pressure stripping of gas from a parent galaxy. 
There is clearly more to be learned about the galaxy NGC 5907

nd its stellar streams, and we anticipate using Condor to obtain
dditional deep observations of NGC 5907 and the NGC 5866 Group
hrough its complement of broad- and narrow-band filters. 
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