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Abstract. Using the NIKA2 dual band millimeter camera installed on the
IRAM30m telescope, we have mapped a relatively large field (∼ 70 arcmin2)
in the direction of the star GJ526 to investigate the nature of the sources found
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with the MAMBO camera at 1.2 mm ten years earlier. We have found that they
must be dust-obscured galaxies (SMGs) in the background beyond the star. The
new NIKA2 map at 1.15 mm reveals additional sources and, in fact, an over-
density of SMGs predominantly distributed along a filament-like structure in
projection on the sky across the whole observed field. We speculate this might
be a cosmic filament at high redshift as revealed in cosmological hydrodynam-
ical simulations. Measurement of spectroscopic redshifts of the SMGs in the
candidate filament is required now for a definitive confirmation of the nature of
the structure.

1 Introduction

Surveys at submillimeter and millimeter-wavelengths have revealed a dust-obscured popula-
tion of galaxies at high redshift [1, 2]. These massive SubMillimeter Galaxies (SMGs) are
forming stars at prodigious rates, sometimes exceeding 1000 M�/yr, with correspondingly
bright far infrared luminosities larger than 1012 L� [3]. SMGs are enshrouded in dust and so
have only faint or undetectable optical counterparts but contribute to the far infrared cosmic
background emitting approximately half of all of the light in the universe [4, 5]. Theories
predict that galaxy formation preferentially occurs along large-scale dark matter filamentary
or sheetlike overdense regions that are related to initial fluctuations of the density field in the
primordial universe [6] and formed the cosmic web as depicted by cosmological hydrody-
namical simulations. It is thought that star formation and galaxy growth at an early stage of
cosmic evolution are critically tied to this network of dark matter filaments. A large fraction
of the neutral hydrogen from the inter galactic medium falls into them and constantly replen-
ishes the gas reservoirs of galaxies through cold gas accretion ; the cold gas streams along
the filaments, survives the shocks at the virial radii of the dark matter halos and infalls onto
the galaxies to fuel their star formation and growth [7, 8]. However, definitive observational
confirmation of cold gas accretion along filaments of the cosmic web is actively sought.

A region of the sky several hundreds of arcseconds in size corresponds to an area of
several cMpc at high reshift (scaling factor cMpc/′′ does not depends strongly on z at high
z in standard cosmology) that can be mapped efficiently at millimeter wavelengths using a
modern camera such as NIKA2 on the IRAM30m radiotelescope [9–14]. SMGs detected in
such a field must be embedded in filaments according to the current paradigm and should
be signposts of the cosmic web in the distant universe. We present NIKA2 data that are a
contribution to this endeavour due to serendipity.

In 2007, the field in the direction of the nearby star GJ526 was mapped in 1.2 mm contin-
uum waveband using the MAMBO camera installed on the IRAM 30-meter radiotelescope at
the time and revealed a quasi-alignment of the star and five compact sources in projection on
the sky. It was not possible to decisively conclude whether these sources were background
SMGs or a large, clumpy circumstellar disk seen edge-on around this star [15]. As cautiously
stated in this paper, only future observations could definitely decide since these sources would
stay fixed if in the background or move at the same rate and in the same direction as the star if
clumps of a circumstellar disk. So a possible displacement as large as 22.6′′ in the south-west
direction according to the star proper motion after ten years in 2017 motivated us to observe
this field with the NIKA2 camera to determine the origin of these sources.

In this contribution, we report our finding that the five MAMBO sources did not move
over this 10 year period and so they must be SMGs in the distant background beyond the
star. It was argued in [15] that this was statistically unlikely in assuming a mean number
surface density of SMGs but we are now led to believe that the GJ526 field presents instead

2

EPJ Web of Conferences 257, 00027 (2022) https://doi.org/10.1051/epjconf/202225700027
mm Universe @ NIKA2



with the MAMBO camera at 1.2 mm ten years earlier. We have found that they
must be dust-obscured galaxies (SMGs) in the background beyond the star. The
new NIKA2 map at 1.15 mm reveals additional sources and, in fact, an over-
density of SMGs predominantly distributed along a filament-like structure in
projection on the sky across the whole observed field. We speculate this might
be a cosmic filament at high redshift as revealed in cosmological hydrodynam-
ical simulations. Measurement of spectroscopic redshifts of the SMGs in the
candidate filament is required now for a definitive confirmation of the nature of
the structure.

1 Introduction

Surveys at submillimeter and millimeter-wavelengths have revealed a dust-obscured popula-
tion of galaxies at high redshift [1, 2]. These massive SubMillimeter Galaxies (SMGs) are
forming stars at prodigious rates, sometimes exceeding 1000 M�/yr, with correspondingly
bright far infrared luminosities larger than 1012 L� [3]. SMGs are enshrouded in dust and so
have only faint or undetectable optical counterparts but contribute to the far infrared cosmic
background emitting approximately half of all of the light in the universe [4, 5]. Theories
predict that galaxy formation preferentially occurs along large-scale dark matter filamentary
or sheetlike overdense regions that are related to initial fluctuations of the density field in the
primordial universe [6] and formed the cosmic web as depicted by cosmological hydrody-
namical simulations. It is thought that star formation and galaxy growth at an early stage of
cosmic evolution are critically tied to this network of dark matter filaments. A large fraction
of the neutral hydrogen from the inter galactic medium falls into them and constantly replen-
ishes the gas reservoirs of galaxies through cold gas accretion ; the cold gas streams along
the filaments, survives the shocks at the virial radii of the dark matter halos and infalls onto
the galaxies to fuel their star formation and growth [7, 8]. However, definitive observational
confirmation of cold gas accretion along filaments of the cosmic web is actively sought.

A region of the sky several hundreds of arcseconds in size corresponds to an area of
several cMpc at high reshift (scaling factor cMpc/′′ does not depends strongly on z at high
z in standard cosmology) that can be mapped efficiently at millimeter wavelengths using a
modern camera such as NIKA2 on the IRAM30m radiotelescope [9–14]. SMGs detected in
such a field must be embedded in filaments according to the current paradigm and should
be signposts of the cosmic web in the distant universe. We present NIKA2 data that are a
contribution to this endeavour due to serendipity.

In 2007, the field in the direction of the nearby star GJ526 was mapped in 1.2 mm contin-
uum waveband using the MAMBO camera installed on the IRAM 30-meter radiotelescope at
the time and revealed a quasi-alignment of the star and five compact sources in projection on
the sky. It was not possible to decisively conclude whether these sources were background
SMGs or a large, clumpy circumstellar disk seen edge-on around this star [15]. As cautiously
stated in this paper, only future observations could definitely decide since these sources would
stay fixed if in the background or move at the same rate and in the same direction as the star if
clumps of a circumstellar disk. So a possible displacement as large as 22.6′′ in the south-west
direction according to the star proper motion after ten years in 2017 motivated us to observe
this field with the NIKA2 camera to determine the origin of these sources.

In this contribution, we report our finding that the five MAMBO sources did not move
over this 10 year period and so they must be SMGs in the distant background beyond the
star. It was argued in [15] that this was statistically unlikely in assuming a mean number
surface density of SMGs but we are now led to believe that the GJ526 field presents instead

an overdensity of SMGs. In this paper, we discuss the remarkable spatial distribution of these
sources in the 1.15 mm NIKA2 map along a filament-like structure reminiscent of the cosmic
web revealed in the cosmological hydrodynamical simulations.

Left : GJ526 NIKA2 map at 1.15mm (color scale : mJy/beam, contours : signal-
to-noise ratio). Curve traces the filament-like structure identified across the map. Beam size
is 11.2′′ (black filled circle at brc). Map center (J2000) : 13h45m44.52s and +14◦53′20.6′′.
Right : Signal-to-noise ratio histogramm of the jack-knifed map at 1.15 mm (in red, Gaussian
distribution with zero mean and σ=1 for comparison).

2 NIKA2 observations and the 1.15 mm map

The NIKA2 observations were obtained during the science verification observations of the
NIKA2 camera on 2017 april 24, 2018 february 14, 17, 18, 19, 20 and 2018 march 14, in
average weather conditions (atmospheric opacity between 0.20 and 0.45 at 225 GHz) and
at elevation between 33◦ and 67◦. The observing strategy consisted of a series of 9′ × 4.5′

on-the-fly scans with a scanning speed of 40”/sec along two orthogonal orientations (+60◦,
+150◦) in the AZ-EL coordinate system at the telescope to minimise residual stripping pat-
terns in the maps. These observations are split into 167 scans that correspond to a total of 9.3
hours of observations on source. The time ordered information (TOI) of each detector was
processed in order to remove the contribution of atmospheric and electronic correlated noises
and to obtain the maps at 1.15 mm and 2.0 mm following the procedure described in [16]
and Ponthieu et al. (in preparation). Point sources are detected by matching the maps with
a Gaussian Point-Spread-Function. Position accuracy is better than 3 arcseconds (for each
coordinate) for sources above 4σ and the absolute photometric accuracy is ∼15 % [14].

In the limited space of this presentation, we shall discuss only the NIKA2 map at 1.15 mm
and plan a complete presentation including the NIKA2 map at 2.0 mm in a forthcoming paper.
We present the resulting 1.15 mm NIKA2 map in Fig. 1 and astrometry and photometry of
the ten unambiguously detected sources with a signal-to-noise ratio (SNR) larger than 4 in
Table 1. In order to determine this detection threshold, we have analysed the map noise in
producing a jack-knifed map to compute SNRs in all pixels and found that their distribution
are Gaussian, centered on zero and have a standard deviation of unity as expected for normal
noise (see Fig. 1 right). In these conditions, no spurious sources with S NR > 4 are statistically

Figure 1.
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Table 1: NIKA2 astrometry and photometry of unambiguously detected sources at 1.15 mm.

ID α2000 δ2000 S 260GHz S NR
H3 (h m s) (◦ ′ ′′) (mJy) 260GHz

1 13:45:33.48 14:49:50.5 3.96± 0.95 5.3
3 13:45:37.18 14:56:31.9 3.67± 0.81 6.1
6 13:45:38.36 14:55:42.2 2.95± 0.68 5.7
7 13:45:38.97 14:51:45.4 2.87± 0.63 6.1
9 13:45:40.61 14:54:42.8 3.13± 0.65 6.9

10 13:45:41.09 14:54:14.8 2.97± 0.62 6.8
13 13:45:44.69 14:51:59.4 2.08± 0.53 4.7
16 13:45:46.63 14:52:39.7 4.11± 0.75 9.6
18 13:45:51.51 14:51:59.0 2.15± 0.57 4.5
22 13:45:55.51 14:54: 1.1 2.40± 0.63 4.6

expected in the 500′′ × 500′′ map owing to the number of independent beams (11.2′′ at
1.15 mm) in it. There are also sixteen additional sources with 3 < SNR < 4 but three
or four spurious positive sources are statistically expected at this significance level. Source
IDs in Fig. 1 and Table 1 are assigned to all SNR > 3 sources.

We found that four of the five MAMBO sources (see section GJ526 in Table 2 of [15])
have been detected anew in the NIKA2 map at 1.15 mm and are identified as ID 7, 9, 10,
16 in Table 1 herein. The fifth MAMBO source − MM134543+145317, a 4.3σ detection in
[15] − has been searched in the 1.15 mm NIKA2 map and identified but only at a level of
2.8σ. Nonetheless, such a difference in SNR between the NIKA2 and MAMBO observations
is statistically expected. As already mentionned in the introduction, our main finding is that
all five MAMBO sources did not move between 2007 and 2017 and so they must be SMGs
in the distant background.

The MAMBO flux densities given at 250 GHz in Table 2 of [15] are comparable with the
NIKA2 flux densities in Table 1 herein to better than 2.4 times the quadratically combined
uncertainties of the two measurements. In Table 1, the flux density uncertainties include both
statistical and systematic photometric uncertainties (this latter one is ∼15% [14]).

3 Filament-like structure in the GJ526 field

As stated above, there are ten sources unambiguously detected (SNR> 4) above 2 mJy at
1.15 mm in the whole NIKA2 map. This can be usefully compared to the cumulative source
number counts in other fields at a similar wavelength. To make this comparison meaningful,
we shall restrict the map to its central region within a radial distance of 150′′ where the noise
rms is uniform at the 10% level. In this region, there are six sources (ID 7, 9, 10, 13, 16,
18) that are unambiguously detected above 2 mJy at 1.15 mm. Combination of several single
dish studies of the COSMOS field, the Lockman Hole North field and the GOODS field,
provides the cumulative source number count N(S 1.2mm > 2.0mJy) = 500 sources/deg2 [17].
The Poisson probability that six sources be found within r < 150′′ given this mean surface
number density is as low as 3.7%. However, the GJ526 field we picked for our NIKA2
observations is one out of 50 similar-sized fields targeted in the initial MAMBO survey to
search for circumstellar disks [15]. So this overdensity in the GJ526 field might very well
be a statistical fluctuation in the whole MAMBO survey (note that no other MAMBO field
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rms is uniform at the 10% level. In this region, there are six sources (ID 7, 9, 10, 13, 16,
18) that are unambiguously detected above 2 mJy at 1.15 mm. Combination of several single
dish studies of the COSMOS field, the Lockman Hole North field and the GOODS field,
provides the cumulative source number count N(S 1.2mm > 2.0mJy) = 500 sources/deg2 [17].
The Poisson probability that six sources be found within r < 150′′ given this mean surface
number density is as low as 3.7%. However, the GJ526 field we picked for our NIKA2
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shows such an overdensity). We turn now to the more intriguing spatial distribution of these
SMGs along a filament-like structure.

It is remarkable that seven SMGs (IDs 3, 6, 9, 10, 16, 18, 25) are spatially distributed
along a slightly curved filament-like structure in projection on the sky as highlighted in Fig. 1
with an arc (solid line). The first six sources are unambiguously detected and reported in Ta-
ble 1 while the last one (ID 25) is only a possible 3.3σ detection with a 1.15 mm flux density
of 2.61 ± 0.79 mJy. We can estimate the probability that such a quasi-alignment occurs in
using the average source number surface density N(S 1.2mm > 2.0mJy)=500 sources/degree2,
noted µ below, in small, consecutive sectors with a deviation angle δ from strict alignment of
±10◦ (see sketch in Fig. 2). Then, for a triplet of sources, the Poisson probability for the third
source not to deviate more than δ from alignment with the first two sources is µ×πr2×2δ/360◦,
where r is the distance between the second and the third sources.

Estimation of chance alignment
of sources.

As sketched in Fig. 2, applying this for-
mula for the first triplet in the NIKA2 map
(source ID’s 3, 6, 9), the probability of oc-
curence of quasi-alignement within ±10◦

is 500 sources/deg2 × π(70′′/3600′′)2 ×
20◦/360◦ = 3.3% where r1 = 70′′ is the
distance between source IDs 6 and 9. Sim-
ilarly, the probability is 0.6% for the sec-
ond triplet (ID’s 6, 9, 10) with r2 = 30′′, it
is 11% for the third triplet (IDs 9, 10, 16)
with r3 = 130′′, it is 4.3% for the fourth
triplet (ID’s 10, 16, 18) with r4 = 80′′, and
it is 15% for the fifth triplet (ID’s 16, 18,
25) with r5 = 150′′. The combined prob-

ability (
5∏

i=1
µπr2

i 2δ/360◦) is then as low as

1.4 10−7 and so it is very unlikely that this
filament-like structure has occured by chance, even in accounting for the fact that 50 similar-
sized fields have been observed in the initial MAMBO survey. So this apparent structure in
the NIKA2 map is statistically significant.

This filament-like structure stretches across the whole map which is 500′′ in size. So,
it extends at least over ∼4 cMpc in using the scaling factor 8.3kpc/′′ that does not depend
strongly on redshift comprised between 1 and 6 in standard cosmology 1. In addition, the
angular separations ri specified above between these seven SMGs correspond to linear sep-
arations comprised between ∼0.25 cMpc and ∼1.25 cMpc in using the same redshift and
scaling factor. This extent and these separations are comparable with the spatial distribu-
tion of dark matter haloes hosting galaxies in the high resolution cosmological simulation
NewHorizon [19] for instance. This match between observations and simulations suggests
that the structure in the NIKA2 map may be a cosmic filament. A complete presentation of
this hypothesis and additional evidences, noticeably high luminosities (LFIR > 1012 L�) and
high star formation rates (SFR > 300 M�/yr) of the seven SMGs estimated with the 2.0 mm
NIKA2 map and supplemental data from Herschel/SPIRE, will be published elsewhere.

4 Conclusion

In the 1.15 mm NIKA2 map of the GJ526 field presented here, there is an overdensity of
SMGs characterized by an apparent filamentary structure in projection on the sky that is un-

1https://irsa.ipac.caltech.edu/Missions/herschel.html

Figure 2.
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likely chance occurence and is visually reminiscent of a cosmic filament as cosmological
simulations have shown (Illustris [18], NewHorizon [19], Uchuu [20]). However, confirma-
tion of such a filament requires now measurements of spectroscopic redshifts of the milli-
Jansky unlensed SMGs in using molecular and atomic lines with the most sensitive arrays
such as NOEMA and ALMA. Also, comparison of our observed structure to the most recent
cosmological simulations listed above is presently hampered by the fact they do not track
specifically the rapidly star forming galaxies (main properties of SMGs). In fact, the less
recent GADGET-2 simulation [21] was designed specifically to track massive galaxies with
high star formation rates (> 280 M�/yr) but the study does not present their spatial distribu-
tion. Specific tools to search cosmological simulations to better isolate SMGs are needed and
complementary to the high-speed and deep mapping capability attained with NIKA2.

While galaxy surveys in the optical domain have already revealed the distinctive pattern of
voids, sheets, filaments and nodes characterising the structure of the universe at low redshift,
spatial distribution of SMGs have the potential to reveal similar structure but at high redshift.
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