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Abstract

Passive early-type galaxies dominate cluster cores at z ≲ 1.5. At higher redshift, cluster core galaxies are observed to have on-going star-formation, which is fueled by cold molecular gas. We measured the molecular gas reservoir of the central region around the radio-loud active galactic nucleus (AGN) in the cluster CARLA J1103 + 3449 at z = 1.44 using NOEMA. The AGN synchrotron emission dominates the continuum emission at 94.48 GHz, and we measured its flux at the AGN position and at the position of two radio jets. Combining our measurements with published results over the range 4.71–94.5 GHz, and assuming Ssynch ∝ ν−α, we obtain a flat spectral index of α = 0.14 ± 0.03 for the AGN core emission, and a steeper index of α = 1.43 ± 0.04 and α = 1.15 ± 0.04 at positions close to the western and eastern lobes, respectively. The total spectral index is α = 0.92 ± 0.02 over the range 73.8 MHz–94.5 GHz. We detect two CO(2–1) emission lines, both blueshifted with respect to the AGN. Their emission corresponds to two regions, ~17 kpc southeast and ~14 kpc southwest of the AGN, not associated with galaxies. In these two regions, we find a total massive molecular gas reservoir of [image: equation], which dominates (≳60%) the central total molecular gas reservoir. These results can be explained by massive cool gas flows in the center of the cluster. The AGN early-type host is not yet quenched; its star formation rate is consistent with being on the main sequence of star-forming galaxies in the field (star formation rate ~30–140 M⊙ yr−1), and the cluster core molecular gas reservoir is expected to feed the AGN and the host star formation before quiescence. The other confirmed cluster members show star formation rates at ~2σ below the field main sequence at similar redshifts and do not have molecular gas masses larger than galaxies of similar stellar mass in the field.
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★ The reduced images and datacubes are only available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/641/A22



1 Introduction
At redshifts z < 1.5 galaxy cluster cores are dominated by red, quenched, early-type galaxies, while blue, star-forming, late-type galaxies are mostly found in the field (e.g., Dressler 1980; Balogh et al. 1998, 2004; Postman et al. 2005; Mei et al. 2009; Rettura et al. 2011; Lemaux et al. 2012, 2019; Wagner et al. 2015; Tomczak et al. 2019). At higher redshifts, the results are somewhat conflicting, as it also becomes more difficult to define clusters of galaxies using measurements of their mass. Some results show that at z > 1.5 the star formation is already quenched in cluster cores (Kodama et al. 2007; Strazzullo et al. 2010; Papovich et al. 2010; Snyder et al. 2012; Grützbauch et al. 2012; Stanford et al. 2012; Zeimann et al. 2012; Gobat et al. 2013; Muzzin et al. 2013a; Newman et al. 2014; Mantz et al. 2014; Hayashi et al. 2017). Other observations show a reversal of the star formation–density relation and of ongoing star formation in cluster cores at z > 1.5, with a much more varied galaxy population compared to clusters at lower redshifts (Elbaz et al. 2007; Cooper et al. 2008; Tran et al. 2010; Brodwin et al. 2013; Santos et al. 2015; Mei et al. 2015; Alberts et al. 2016; Wang et al. 2016a; Noirot et al. 2016, 2018; Cucciati et al. 2018; Martinache et al. 2018; Shimakawa et al. 2018a,b; Tadaki et al. 2019). A reversal of the star formation at z ≳ 1 is also predicted from hydrodynamical and semi-analytical simulations (Tonnesen & Cen 2014; Chiang et al. 2017). Other cluster cores at z ≳ 1.5 present equal percentages of quiescent and star-forming galaxies (Fassbender et al. 2011; Tadaki et al. 2012; Zeimann et al. 2012; Mei et al. 2012; Noirot et al. 2016). A large presence of star-forming galaxies in cluster cores at z ~ 1.5–2 indicates that most of the star formation quenching observed at lower redshifts has not yet occurred, and that this is the key epoch of transformation of cluster galaxies from star forming to passive. At higher redshifts (z ~ 3–4), protoclusters show high star formation and star-burst activity (Umehata et al. 2015; Lewis et al. 2018; Miller et al. 2018; Oteo et al. 2018; Kubo et al. 2019; Hill et al. 2020; Ivison et al. 2020; Long et al. 2020; Toshikawa et al. 2020).
Galaxy star formation is fueled by cold and dense molecular gas (McKee & Ostriker 2007; Kennicutt & Evans 2012; Krumholz 2014). Therefore, galaxies rich in cold molecular gas are mostly star forming (bluish, mostly late-type spiral and irregular galaxies). Once the molecular gas is heated or stripped through different mechanisms, the star formation is quenched, and galaxiesstop forming new, young, blue stars, which explode relatively fast due to their short life cycle. These galaxies willslowly become dominated by long-lived red stars, and galaxies will evolve into red, mostly elliptical, quenched galaxies (Binney & Tremaine 1987; Kennicutt 1998; Kennicutt & Evans 2012). There are several possible processes that can be responsible for star formation quenching, and each plays a different role in cold molecular gas removal, at different epochs and with different timescales (Boselli & Gavazzi 2006). Quenching depends on both galaxy stellar mass and environment (Kauffmann et al. 2004; Baldry et al. 2006; Cucciati et al. 2010; Peng et al. 2010, 2012, 2014; Scoville et al. 2013; Darvish et al. 2015, 2016; Paccagnella et al. 2019). More massive galaxy stellar populations are quenched at earlier epochs (Thomas et al. 2005; Ilbert et al. 2013; Muzzin et al. 2013b; Tanaka et al. 2013; Guglielmo et al. 2015; Pacifici et al. 2016; Tomczak et al. 2016; Sklias et al. 2017; Davidzon et al. 2017; Morishita et al. 2019; Falkendal et al. 2019). Moreover, observations of galaxies of the same stellar mass at z < 1.5 show that the evolution from star forming to quiescent is more rapid for cluster galaxies than for their field counterparts (Raichoor et al. 2011; Muzzin et al. 2012; Papovich et al. 2012; Bassett et al. 2013; Shankar et al. 2013, 2014; Strazzullo et al. 2013; Scoville et al. 2013; Delaye et al. 2014; Guglielmo et al. 2015; Hatch et al. 2017; Tomczak et al. 2017; Foltz et al. 2018). This is due to additional environmental mechanisms, such as tidal stripping (Farouki & Shapiro 1981; Moore et al. 1999; Carleton et al. 2019), ram-pressure stripping (Abadi et al. 1999: McCarthy et al. 2008; Merluzzi et al. 2013; Jaffé et al. 2018), strangulation (Larson et al. 1980; Balogh & Morris 2000; Peng et al. 2012, 2015; Maier et al. 2016), and galaxy merging in the first epochs of cluster formation (Hopkins et al. 2006a; Dubois et al. 2016).
In the literature, the fraction of cold gas available for star formation is quantified as fgas = Mgas∕(M* + Mgas), or as a gas-to-stellar mass ratio Mgas∕M*. These quantities depend on redshift, galaxy stellar mass, and environment. Observations have shown that for galaxies at a given stellar mass, the gas fraction and gas-to-stellar mass ratio increase with redshift (Sargent et al. 2014; Genzel et al. 2015; Scoville et al. 2017; Silverman et al. 2018; Darvish et al. 2018; Tacconi et al. 2018). For galaxies at the same redshift, the gas fraction increases with decreasing stellar mass (Tacconi et al. 2013, 2018; Sargent et al. 2014; Lee et al. 2017). Finally, at z < 1.5, for galaxies of the same mass and at the same redshift, cluster galaxies show lower amounts of molecular gas and thus, lower gas fractions (Jablonka et al. 2013; Rudnick et al. 2017; Lee et al. 2017; Castignani et al. 2018; Hayashi et al. 2018). Some works have shown that at higher redshifts (z > 2), there is no difference in the gas fraction of cluster and field galaxies (Husband et al. 2016; Dannerbauer et al. 2017).
In order to assess the molecular gas mass, we can estimate the mass of the most dominant interstellar molecule – H2, which is also the star formation fuel. However, this molecule is practically invisible to observations due to its lack of a permanent dipole moment and the fact that its rotational dipole transitions require high temperatures, T > 100 K. In order to trace molecular hydrogen, rotational transitions of CO molecules are generally used for multiple reasons (Kennicutt & Evans 2012; Carilli & Walter 2013; Bolatto et al. 2013). The CO molecule has a weak permanent dipole moment and it is easily excited even inside cold molecular clouds due to its low energy rotational transitions (Kennicutt & Evans 2012; Bolatto et al. 2013). CO is also the second most abundant molecule after H2. CO rotational levels are excited by collisions with H2 molecules. Finally, CO rotational transitions lie in a relatively transparent millimeter window (Solomon & Vanden Bout 2005; Kennicutt & Evans 2012). The main drawback of tracing molecular gas with CO line emission is that CO is a poor tracer of the so-called CO-dark molecular gas, which usually accounts for a significant fraction (~ 30 to ~ 100%) of the total molecular gas mass in galaxies (Grenier et al. 2005; Wolfire et al. 2010; Abdo et al. 2010; Planck Collaboration XIX 2011; Pineda et al. 2013; Bisbas et al. 2017; Hall et al. 2020). In this paper, we focus on the molecular gas that can be detected by CO emission and molecular gas upper limits that can be inferred from the CO emission, with the caveat that this might not trace all the molecular gas in the galaxies that we study.
Few galaxy clusters are confirmed at z ≿ 1.5. Current observations of the CO emission line in clusters at these epochs show that cluster galaxies still have cold gas to fuel their star formation. However, these results are not yet statistically significant, and some results point toward higher molecular gas content in cluster galaxies with respect to the field and others to lower (Casasola et al. 2013; Rudnick et al. 2017; Noble et al. 2017; Hayashi et al. 2018; Coogan et al. 2018; Castignani et al. 2018). Molecular gas has also been detected in two protoclusters at z ~ 2.5 (Chapman et al. 2015; Wang et al. 2016b). Both protoclusters are dominated by star-forming (with a high starburst fraction), massive galaxies, with a substantial amount of molecular gas, and a small percentage of passive galaxies, which probably quenched after their accretion onto the cluster.
In this paper, we present IRAM (Institut de Radio Astronomie Millimetrique) NOEMA (NOrthern Extended Millimeter Array) observationsof the core of a confirmed cluster from the CARLA (Clusters Around Radio-Loud AGNs; Wylezalek et al. 2013) survey at z = 1.44, CARLA J1103 + 3449 (Noirot et al. 2018). CARLA J1103 + 3449 was selected as one of the highest CARLA IRAC color-selected overdensities (~ 6.5σ, from Wylezalek et al. 2014), and shows a ~ 3.5σ overdensity of spectroscopically confirmed sources (our Fig. 2, and Table 4 from Noirot et al. 2018). We found a large molecular gas reservoir south of the central AGN, consistent with gas inflows and outflows. We measured galaxy star formation rates and other properties for confirmed cluster members. We compared our results with similar observations in clusters and in the field.
Our observations, data reduction, and mapping are described in Sect. 2, the results are given in Sect. 3, the discussion is in Sect. 4, and finally, the summary of our results is given in Sect. 5. Throughout this paper, we adopt a ΛCDM cosmology, with of ΩM = 0.3, ΩΛ = 0.7, Ωk = 0, and h = 0.7, and assume a Chabrier initial mass function (IMF; Chabrier 2003).
2 Data
In this section, we describe the CARLA survey. Then, we present our observations and our available data.
2.1 CARLA survey
The CARLA survey (Wylezalek et al. 2013) is a substantial contribution to the field of high-redshift galaxy clusters at z > 1.5. CARLA is a 408h Warm Spitzer/IRAC survey of galaxy overdensities around 420 radio-loud AGN (RLAGN). The AGNs were selected across the full sky, approximately half radio loud quasars (RLQs) and half radio galaxies (HzRGs), and in the redshift range of 1.3 < z < 3.2. Wylezalek et al. (2013) identified galaxies at z > 1.3 around the AGNs in each field, using a color selection in IRAC channel 1 (λ = 3.6 μm; IRAC1, hereafter) and channel 2 (λ = 4.5 μm; IRAC2, hereafter). They found that 92% of the selected RLAGN reside in dense environments, with the majority (55%) of them being overdense at a > 2σ level, and 10% of them at a > 5σ level, with respect to the field surface density of sources in the Spitzer UKIRT Infrared Deep Sky Survey Ultra Deep Survey (SpUDS; Galametz et al. 2013), selected in the same way.
A Hubble Space Telescope Wide Field Camera 3 (HST/WFC3) follow-up of the twenty highest CARLA Spitzer overdensities (consisting of ten HzRGs and ten RLQs) spectroscopically confirmed sixteen of these at 1.4 <z < 2.8, and also discovered and spectroscopically confirmed seven serendipitous structures at 0.9 <z < 2.1 (Noirot et al. 2018). The structure members were confirmed as line emitters (in Hα, Hβ, [O II], and/or [O III], depending on the redshift) and have star formation estimates from the line fluxes (Noirot et al. 2018). The star formation of galaxies with a stellar mass ≳1010M⊙ is below the star-forming main sequence (MS) of field galaxies at similar redshift, and star-forming galaxies are mostly found within the central regions (Noirot et al. 2018). This program also provided WFC3 imaging in the F140W filter (WFC3/F140W) from which we obtained point-spread-function (PSF)-matched photometric catalogs (Amodeo et al., in prep.), and galaxy visual morphologies (Mei et al., in prep.).
From their IRAC luminosity function, Wylezalek et al. (2014) showed that CARLA overdensity galaxies have probably quenched faster and earlier compared to field galaxies. Some of the CARLA northern overdensities were also observed in either deep z-band or deep i-band, with the Gemini Multi-Object Spectrographs (GMOS) at the Gemini telescope (hereafter Gemini/GMOS), ISAAC at the European Southern Observatory Very Large Telescope (VLT/ISAAC) and ACAM at the WHT (William Herschel Telescope) telescope (WHT/ACAM). This permitted us to estimate their galaxy star formation rate histories, and we deduced that, on average, the star formation of galaxies in these targets had been rapidly quenched, producing the observed colors and luminosities (Cooke et al. 2015).
2.2 Optical and near-infrared multi-wavelength observations of CARLA J1103 + 3449
As a target of the Spitzer CARLA survey, CARLA J1103 + 3449 was observed with Spitzer IRAC1 and IRAC2 (Cycle 7 and 8 snapshot program; PI: D. Stern), for a total exposure of 800 s and 2000 s, respectively. The IRAC cameras have 256 × 256 InSb detector arrays with a pixel size of 1.22 arcsec and a field of view of 5.2 × 5.2 arcmin. Wylezalek et al. (2013) performed the data calibration and mapping with the MOPEX package (Makovoz & Khan 2005) and detected sources with SExtractor (Bertin & Arnouts 1996), using the IRAC-optimized SExtractor parameters from the work of Lacy et al. (2005). The final Spitzer IRAC1 and IRAC2 mosaic has a pixel size of 0.61 arcsec, after taking into account dithering and sub-pixelation.
The HST/WFC3 imaging and grism spectroscopy were obtained with a dedicated HST follow-up program (Program ID: 13 740; PI: D. Stern). We obtained F140W imaging (with a field of view of 2 × 2.3 arcmin2 at a resolution of 0.06 arsec pix−1, obtained after taking into account dithering), and G141 grism spectroscopy (with a throughput >10% in the wavelength range of 1.08 m < λ < 1.70 m and a spectral resolution of R = λ∕Δλ = 130). This grism was chosen in order to permit the identification of strong emission lines at our target redshift, such as Hα, Hβ, [O II], and [O III]. Noirot et al. (2016, 2018) performed the data reduction using the aXe (Kümmel et al. 2009) pipeline, by combining the individual exposures, and removing cosmic ray and sky signal. Noirot et al. (2018) performed the source detection with SExtractor (Bertin & Arnouts 1996) and extracted 2D spectra for each field, based on the positions and sizes of the sources. The redshifts and emission line fluxes were determined using the python version of mpfit and are published in Noirot et al. (2018).
CARLA J1103 + 3449 was followed-up with i-band imaging using WHT/ACAM (PI: N. Hatch; Cooke et al. 2015), and we obtained a PSF-matched photometric catalog in the WHT/ACAM i-band, WFC3/F140W (detection image), IRAC1, and IRAC2. The i-band, WFC3/F140W, and IRAC1 filters correspond to the UVJ rest-frame bandpasses at the redshift of CARLA J1103 + 3449. More details on the Spitzer IRAC, HST/WFC3, and WHT/ACAM observations, data reduction, and results can be found in Wylezalek et al. (2013, 2014), Noirot et al. (2016, 2018), and Cooke et al. (2015), respectively.
From a morphological (from the HST/F140W images) and photometric analysis of the central sources (Amodeo et al., in prep.; Mei et al., in prep.), the host galaxy of the AGN is an elliptical galaxy. The spiral galaxy close to the AGN is a spectroscopically confirmed member (Noirot et al. 2018), but is not detected as an independent galaxy in the IRAC images because of their poor spatial resolution. The bright central source south of the AGN is a star, with a spectral energy distribution consistent with a black body and not consistent with an early-type galaxy (ETG) spectrum.
2.3 Keck AGN spectrum observations
The redshift for the radio source B2 1100 + 35, associated with WISE J110326.19 + 344947.2 at the center of CARLA J1103 + 3449, was first reported in Eales et al. (1997) as z = 1.44, but with no spectrum presented. With no spectrum available from the Sloan Digital Sky Survey of the faint, red (g = 23.9 mag, i = 21.4 mag) optical counterpart to the radio source, we observed B2 1100 + 35 with the dual-beam Low Resolution Imaging Spectrometer (LRIS; Oke et al. 1995) at the Keck Observatory on UT 10 March 2019. The night suffered strongly from variable, often thick cloud cover.
The data were obtained through the 1.′′0 slit with the 5600 Å dichroic. The blue arm of the spectrograph used the 600 ℓ mm−1 grism (λblaze = 400 Å; resolving power R ≡ λ∕Δλ ~ 1600 for objects filling the slit), while the red arm used the 4000 ℓ mm−1 grating (λblaze = 8500 Å; R ~ 1300). Three 600 s exposures were attempted, though ultimately only one proved useful. We processed the spectrum using standard techniques, and flux calibrated the spectrum using observations of the standard stars Hilter 600 and HZ44 from Massey & Gronwall (1990) obtained the same night with the same instrument configuration. Figure 1 presents the processed spectrum. Multiple redshifted emission lines are detected, including broadened C IV λ1549 Å, narrow C III] λ1909 Å, narrow [Ne V] λ3426 Å, and strong, narrow [O II] λ3727 Å. Based on the latter feature, we report a redshift of z = 1.4427 ± 0.0005, where the uncertainty reflects both statistical uncertainties in the line fitting, as well as an estimate of systematic uncertainties in the wavelength calibration, and a comparison with other well-detected emission lines in this source. This measurement is consistent with the Noirot et al. (2018) AGN redshift measurement of z = 1.444 ± 0.006, from the HST/WFC3 grism observations (see above).
	[image: thumbnail]	Fig. 1
Keck/LRIS spectrum of B2 1100 + 35, the radio galaxy at the center of CARLA J1103 + 3449. Since the night was not photometric, the y-axis only provides relative flux calibration.



2.4 IRAM observations
For this work, we observe CARLA J1103 + 3449 with the IRAM/NOEMA (PI: A. Galametz, S. Mei), with eight antennas over a five-day period (28–30 Jul., 3–4 Aug. 2017), for a total exposure time of ~ 29 h (including overheads). The weather conditions were within the average precipitable water vapor (PWV ~10–20 mm). The average system temperaturewas Tsys ~ 100–200 K, and reached maximum values of 300 K. The sources used as RF (receiver bandpass) calibrator, the flux calibrator, and amplitude/phase calibrators were the 3C84 radio galaxy, the LKHA101 radio star, and the 1128 + 385 quasar, except on the 30 Jul., when we used the quasars 3C273, 1128 + 385 (measured on the 28 Jul.) and 1156 + 295.
We targeted the CO(2–1) emission line at the rest-frame frequency νrest = 230.538 GHz, which is redshifted to νobs = 94.48 GHz at z = 1.44 (approximately the mean confirmed cluster member redshift from Noirot et al. 2018), observed in the NOEMA 3 mm band. We covered our target with three pointings to map the AGN and the central cluster region. The pointings were positioned so that we could cover as many IRAC color-selected members as possible (~ 40) along with the seven (out of eight) HST/WFC3 spectroscopically confirmed members (green circles and a red star, for the AGN, in Fig. 2, based on Noirot et al. 2018). We chose the antenna configuration C to be able to separate cluster members in the cluster core. The beam size is 4.14 × 3.46 arcsec2, the PA = −171.01°, and the velocity resolution is 50 km s−1 (smoothed to 100 km s−1; see below).
We performed the entire NOEMA data calibration by running the pipeline in the clic package of the IRAM/GILDAS software1. We flagged additional data, modified antenna positions, and calibrated the flux again. While the pointing and the focus were excellent, the amplitude, and phase were of average quality because of the weather conditions.
With the reduced data, we created a CO(2–1) continuum emission mosaic map, by using the mapping package of the GILDAS software (Fig. 3, left). The map was obtained by averaging the flux over a velocity range of 2450 km s−1, excluding emission lines, with a background root mean square (rms) noise level of σ ~ 0.2 mJy beam−1. Then, we subtracted the continuum from the CO(2–1) emission in the uv-data set in order to obtain a clean, continuum-subtracted CO(2–1) map.
We calculated the rms noise level in the three pointing intersection regions of the CO(2–1) map (see Fig. 2). In this region, the original velocity resolution is 50 km s−1 and the rms noise level is σ ~ 0.8 × mJy beam−1. In order to improve the signal-to-noise ratio (S/N), we smoothed the CO(2–1) map to a final velocity resolution of 100 km s−1 by averaging two consecutive channels, and obtained a rms noise level of σ ~ 0.5 × mJy beam−1 after smoothing. We created the CO(2–1) intensity map by averaging the flux over a velocity range of 1200 km s−1 with the background rms noise level of σ ~ 0.2 mJy beam−1, and applied a primary beam correction (Fig. 3, right). On the mosaic edges, the rms noise level approximately doubles.
	[image: thumbnail]	Fig. 2
Distribution of spectroscopically confirmed members of CARLA J1103 + 3449 (green circles) with the central AGN (red star) (Noirot et al. 2018). The background images are the two orientation HST/WFC3 F140W frames. The shaded area indicates the NOEMA mosaic map area.



3 Results
In this section, we describe our results. First, we present the active galactic nucleus continuum emission. Then, we derive the molecular gas content in the cluster central region using CO(1-2) emission flux measurements.
	[image: thumbnail]	Fig. 3
Left: continuum emission map of the CARLA J1103 + 3449 cluster at 94.48 GHz. The map was obtained by averaging the flux over a velocity range of 2450 km s−1, outside of the emission lines. The rms noise level is σ ~ 0.2 mJy beam−1 in the central pointing intersection region, and the contours show the 3σ, 6σ, 9σ, etc. levels upto 24σ. Right: continuum subtracted CO(2–1) line emission mosaic map. The color wedge of the intensity maps is in Jy beam−1. The map was obtained by averaging the flux over a velocity range of 1200 km s−1, and has an average rms noise level of σ ~ 0.2 mJy beam−1 in the central pointing intersection region. The continuous lines show positive σ contours andthe dotted lines show negative σ contours. The contours show the 1σ, 2σ, and 3σ levels. The cross marks the phase center of the mosaic. The noise approximately doubles toward the map edges because of the primary beam correction. Both maps show an extended source in the cluster center.



	[image: thumbnail]	Fig. 4
Zoom-in on the continuum emission map of the extended source in the cluster center. The continuum emission contours (white) run as 3σ, 6σ, 9σ, etc. up to 24σ. The radio emission contours at 4.71 GHz from the work of Best et al. (1999) are overlaid on the image (in blue). The brightest continuum emission peak and one of the radio peaks are both centered on the AGN. The continuum emissions visually correspond to the position of the radio jets, suggesting the same or a connected physical origin. North is up and east is to the left.



3.1 Active galactic nucleus continuum emission
On the continuum emission map at the observed frequency of νobs= 94.48 GHz, we detect an extended source in the cluster central region, with the brightest peak at the position of the AGN (>26σ, Fig. 4, white contours). Comparing the NOEMA continuum emission with radio observations at 4.71 GHz from Best et al. (1999) (Fig. 4, blue contours), the NOEMA continuum emission visually corresponds to the radio jets. Both the NOEMA extended continuum emission peak, and the central radio emission, correspond to the AGN position. We also detect significant (>6σ) continuum emission at the position of the tip of the eastern radio lobe (Fig. 4).
The position and the scale of this continuum emission detection follow the emission from the radio lobes, with the brighter and the fainter continuum components corresponding to the western and eastern radio lobe, respectively. This is consistent with the same or a connected physical origin of the two emissions. In fact, the AGN synchrotron emission dominates at both our NOEMA observed frequency (rest-frame ν ~ 230 GHz/λ ~ 1.3 mm), and in the radio observation frequency range (Bregman 1990; Haas et al. 1998; Hönig et al. 2008; Nyland et al. 2017; Ruffa et al. 2019). At both frequency ranges, the signal corresponds to the non-thermal synchrotron radiation emitted by the relativistic charged particles from the AGN jets (Gómez et al. 1995, 1997; Mioduszewski et al. 1997; Aloy et al. 2000; Porth et al. 2011; Fuentes et al. 2018).
We measured the continuum within a region the size of the NOEMA beam centered on the AGN and the two lobes. We obtain [image: equation], [image: equation], and [image: equation]. For the eastern lobe, we centered our measurement on the peak of the emission in our observations, while for the western lobe, where we do not have a clear peak, we centered on the radio peak.
Comparing the continuum emission from this work and the radio emission from Best et al. (1999) (white and blue contours in Fig. 4, respectively), we note that our brighter continuum component (~ 83% of the total continuum emission flux) roughly corresponds to the radio emission of the core and the western lobe (~ 65% at ν = 8210 MHz and 66% at ν= 4710 MHz of the total flux), and also includes the fainter part of the eastern jet. The peak of the continuum emission at 94.48 GHz is centered on the AGN (~71% of the total continuum emission flux), while most of the radio emission from Best et al. (1999) is from the western lobe (~ 52% at ν = 8210 MHz and 59% at ν = 4710 MHz of the total flux). Our fainter continuum component (~17% of the total flux) corresponds to the radio emission of the eastern lobe and a brighter part of the eastern jet (~ 35% at ν = 8210 MHz and 34% at ν= 4710 MHz of the total flux).
Table 1 shows our continuum flux measurements at 94.48 GHz, and those from Best et al. (1999) at 4.71 and 8.21 GHz. The total flux in the table is the sum of the three components, the core and the two lobes. The total flux measured in an area with the signal exceeding 3σ of the background is [image: equation]. We modeled the AGN and lobe spectral energy distribution (SED) as a power law (Ssynch ∝ ν−α), and obtained the spectral index α for the different components from a linear fit in logarithmic scale, using all three frequencies. The uncertainty on α is the statistical uncertainty from the linear fit. The systematic uncertainty on αB99 of 0.07 from Best et al. (1999) is much larger than the statistical uncertainty and is calculated by assuming 3% uncertainties in the absolute calibration at each Best et al. (1999) frequency. Our indexes are consistent (1–1.5σ) with those from Best et al. (1999) (also shown in Table 1). The lobes present a steep SED, consistent with the optically thin synchrotron emission of the jets (Best et al. 1999; Laing & Bridle 2013; Nyland et al. 2017; Ruffa et al. 2019; Grossová et al. 2019), while the AGN core SED is flatter, which is consistent with optically thicker (self-absorbed) synchrotron emission (Best et al. 1999; Ruffa et al. 2019; Grossová et al. 2019).
In Fig. 5, we show the total AGN SED at radio and millimeter wavelengths from our work (total AGN emission) and the literature. Over this larger range of frequencies, we obtain α = 0.92 ± 0.02, consistent with the optically thin synchrotron emission of AGN jets that dominate the total continuum emission. The SED does not show a flattening or steepening at high-frequency (ν > 10 GHz) either, in agreement with previous results (Klamer et al. 2006; Emonts et al. 2011; Falkendal et al. 2019).
Our results are within the range of spectral indexes found in previous work. The typical spectral index of optically thin synchrotron emission (which corresponds to jets) is in the range of 0.5 ≲ α ≲ 1.5 in the local Universe (Laing & Bridle 2013; Nyland et al. 2017; Ruffa et al. 2019; Grossová et al. 2019) and 1 ≲ α ≲ 2 for galaxies at z > 2, with higher values being rarer (Carilli et al. 1997; Best et al. 1999; Falkendal et al. 2019). For the optically thick emission (which corresponds to the core), − 0.5 ≲ α ≲ 0.5 is found in the local Universe (Ruffa et al. 2019; Grossová et al. 2019) and − 1 ≲ α ≲ 1 is found at z > 2, with most of the measurements being α > 0.5 (Carilli et al. 1997; Athreya et al. 1997; Best et al. 1999; Falkendal et al. 2019).
Table 1

Continuum flux measurements.

	[image: thumbnail]	Fig. 5
Total SED plot of the AGN in the radio and millimeter wavebands from our work (black), Best et al. (1999) (blue), Becker et al. (1991) (green), Condon et al. (1998) (cyan), Colla et al. (1973) (magenta), Douglas et al. (1996) (red), Waldram et al. (1996) (gray), and Cohen et al. (2007) (orange). Over this range of frequencies, we obtain an AGN spectral index of α = 0.92 ± 0.02.



3.2 Molecular gas content around the active galactic nucleus
System velocity and FWHM
In order to estimate the system velocity and the velocity full width at half maximum (FWHM) from the CO(2–1) line emission, weuse the class package from the GILDAS software. We extract the CO(2–1) line profile from a polygon enclosing all > 1σ CO(2–1) emission in the central region of the cluster.
In the integrated spectrum, we identify two emission lines, which we fit as Gaussians (Fig. 6, right). The two Gaussian emission peaks are at Vsys = −623 ± 30 km s−1 with a velocity of FWHM = 179 ± 71 km s−1, and Vsys = −116 ± 40 km s−1 with a velocity of FWHM = 346 ± 87 km s−1. We show these fits as the blue and the red Gaussians, respectively, in Fig. 6. The zero point Vsys = 0 km s−1 in the spectrum corresponds to a redshift of z = 1.44, approximately the mean confirmed cluster member redshift from Noirot et al. (2018), as explained in the observation section. In Appendix A, we identify the emission regions of the two CO(2–1) emission peaks by mapping the position of each component using the GILDAS software and we find that the two peaks correspond to two separate regions, one southeast and the other southwest of the AGN. Hereafter we identify the two peaks as the eastern and western emission peaks.
In Fig. 7, we compare the emission regions that we find from this analysis to the position of the CARLAIRAC color-selected galaxies in our HST/F140W image. We find that the spatial extension that corresponds to the eastern and western emission peaks is south of central AGN. Neither the eastern nor the western emission peaks correspond to the spatial position or to the spectroscopic redshift of the AGN (Fig. 6). The peaks do not correspond to any optical (HST/WFC3) or infrared (Spitzer/IRAC) counterpart.We remind the reader that the bright central source south of the AGN is a star and not a galaxy (see Sect. 2.2).
The other detections at the center of the NOEMA CO(2–1) line emission mosaic map (Fig. 3, right) are at S∕N ≤ 2. Their velocity peak is at the same spectral position as the western peak, and we again do not detect galaxies at their position in the HST/WFC3 or Spitzer/IRAC images. We conclude that those overdensities might be due to the side lobes, and neglect them. We do not have detections at >3σ at the edgesof the mosaic, where the noise is higher.
	[image: thumbnail]	Fig. 6
Left: zoom-in on the CO(2–1) line emission, continuum-subtracted mosaic map of the extended source in the cluster center. The black cross marks the center of our observations. The beam size (4.14 × 3.45 arcsec2) is plotted at the lower left. The color scale of the intensity map is in Jy beam−1. The rms noise level is σ ~ 0.2 mJy beam−1 in the central pointing intersection region. The contours correspond to the 1σ, 2σ, and 3σ levels. Right: CO(2–1) line emission integrated spectrum. The two Gaussian fits correspond to system velocities of Vsys =−623.0 km s−1 (blue) and Vsys = −115.5 km s−1 (red). The AGN spectroscopic redshift corresponds to a velocity of v = 331.6 km s−1 (vertical green line).



Flux and luminosity
From the Gaussian fit, the velocity-integrated flux for the eastern and western emission peaks are SCO(2−1)Δv = 0.6 ± 0.2 Jy km s−1 (S∕N ~ 3; here and hereafter the S/N is calculated as the signal divided by its uncertainty, before approximating to one significant figure), and SCO(2−1)Δv = 0.9 ± 0.2 Jy km s−1 (S∕N ~ 4), respectively. In the Gaussian fit, we leave all parameters free to vary. The uncertainty on the measurements includes the uncertainties in the Gaussian fit and the noise in the region in which the fit is performed. The total flux for the eastern emission peak, obtained by integrating over the velocity range − 1075 km s−1 < v < −475 km s−1, is SCO(2−1)Δv = 0.88 ± 0.16 Jy km s−1 (S/N ~ 6; Figs. 7 and A.2). The difference between this flux measurement and that obtained from the Gaussian fit is consistent with zero. The total flux for the western emission peak, obtained by integrating over the velocity range − 375 km s−1 < v < +125 km s−1, is SCO(2−1)Δv = 0.90 ± 0.15 Jy km s−1 (S/N ~ 6; Figs. 7 and A.3), and very similar to the value obtained from the Gaussian fit. The integrated flux from the eastern and western emission peaks over the velocity range − 1075 km s−1 < v < 125 km s−1 is SCO(2−1)Δv = 1.7 ± 0.2 Jy km s−1 (S/N ~ 10). We do not measure any CO(2–1) line emission at the spectral position of the AGN, z = 1.4427 ± 0.0005, which corresponds to a velocityof v = 331.6 km s−1, shown as a vertical green line in Fig. 6. Hereafter, we use the velocity integrated fluxes for both the eastern and western emission peaks, for which we have the higher S/N. We calculate the CO(2–1) luminosity using the following relation from Eq. (3) of Solomon & Vanden Bout (2005):
[image: equation](1)
where [image: equation] is the CO(2–1) line luminosity in  K km s−1 pc2, SCO(2−1)Δv is the CO(2–1) velocity integrated flux in Jy km s−1, DL = 10 397.4 Mpc is the AGN luminosity distance, νrest = 230.538 GHz is the rest frequency of the CO(2–1) rotational transition, and z = 1.4427 ± 0.0005 is the AGN redshift (see Sect. 2.2). We find [image: equation] and [image: equation], for the eastern and western emission peaks, respectively.
Molecular gas mass
In order to estimate the molecular gas mass, we use the mass-to-luminosity relation
[image: equation](2)
where Mgas is the molecular gas mass, αCO is the CO-to-H2 conversion factor (e.g., see review by Bolatto et al. 2013), r21 is the [image: equation] luminosity ratio, and [image: equation] and [image: equation] are the luminosities of the CO(2–1) and CO(1–0) emission lines, respectively.
We assume thermalized, optically thick CO emission for which the CO luminosities are independent of the rotational transitions, thus, [image: equation] and r21 = 1 (Solomon & Vanden Bout 2005). This is a standard value used for the local galaxy M82 (Weiß et al. 2005) and for color-selected star-forming galaxies (CSGs, Dannerbauer et al. 2009). However other works use different values of r21, such as r21 = 0.5 for the Milky Way (Weiß et al. 2005). The reader should take into account these differences when comparing with other works in the literature (e.g., Casasola et al. 2013; Noble et al. 2017; Rudnick et al. 2017; Hayashi et al. 2018; Coogan et al. 2018; Castignani et al. 2018).
The CO-to-H2 conversion factor αCO is a large uncertainty in this calculation. Its value is not universal and depends on galaxy type, metallicity, and CO gas excitation temperature and density (Bolatto et al. 2013; Carilli & Walter 2013; Combes 2018). For different kinds of galaxies and environments, its average range of values is [image: equation] (Bolatto et al. 2013). Since neither the eastern nor the western emission peaks are associated with galaxies detected in our optical and near-infrared images, they might be associated with extended emission around the AGN. In that case, we expect that the molecular gas might be more excited and have more chaotic motions, and this might lead to an expected value of r21 > 1, and to [image: equation] (Bolatto et al. 2013; Carilli & Walter 2013; Cicone et al. 2018). For these reasons, we use the lower end of standard αCO values, and this will give us lower limits to the molecular gas mass. When using [image: equation], we obtain [image: equation] and [image: equation], for the eastern and western peak components, respectively. When using the Galactic conversion factor [image: equation], the molecular gas masses are approximately five times larger. Summing the two components, the total molecular gas mass is [image: equation] (S∕N ~ 8), and this mass is not spatially associated with galaxies detected in our optical or near-infrared images. Table 2 shows the integrated flux measurements, the CO luminosity, and the molecular gas mass.
	[image: thumbnail]	Fig. 7
HST/WFC3 F140W image of the central region of the cluster, with contours of CO(2–1) emission of the eastern and western emission peaks (shown as blue and red contours, respectively), and the radio emission at 4.71 GHz (yellow) from the work of Best et al. (1999). The central peak of the radio emission corresponds to the position of the AGN. The two radio lobes are asymmetrical, with the one to the east (left of the AGN) being more compact and the one to the west more diffuse. The central blue square and the pink star with four spikes show the position of the AGN and of the star, respectively. The green squares are the positions of IRAC color-selected galaxies in the cluster’s central region. The contours are derived by integrating the CO(2–1) emission across the velocities marked by their corresponding color on the CO(2–1) emission line spectra. The spectra are shown in the top left and right insets (see Appendix A for more details). The contour levels of the eastern and western emission peaks are 1–2σ and 1–4σ, respectively. The eastern and western emission peaks are south of the AGN, and do not correspond to any galaxy detected on the HST or Spitzer images. North is up and east is to the left. The beam scale is shown on the bottom left.



3.3 Molecular gas content and star formation in cluster core members
We present the star formation properties of spectroscopically confirmed cluster members that are in the region covered by the NOEMA observations. We measure the upper limits on the molecular gas content of the confirmed cluster members and their star formation rates. We derive the galaxy gas fraction, and specific star formation rate (sSFR), and gas depletion time and star formation efficiency (SFE) upper limits.
Table 2

Integrated flux measurements, the CO luminosity, and the gas mass from the integrated CO(2–1) line emission.

3.3.1 Upper limits on the molecular gas content of the confirmed cluster members
Besides the AGN, there are seven other spectroscopically confirmed CARLA J1103 + 3449 cluster members (Noirot et al. 2018), of which six are within the NOEMA beam, and three have stellar mass estimates (Fig. 2). Our NOEMA observations do not show CO(2–1) emission with S∕N > 3 at the positions of the spectroscopically confirmed members. However, we can use the 3σ values of the flux rms noise level around the position of each confirmed cluster member to derive an upper limit on the velocity integrated flux SCO(2−1)Δv = (3σrms)Δv. As Δv, we used an average Δv = 300 km s−1, following Saintonge et al. (2017). Since the velocity resolution of our CO(2–1) map has an uncertainty of σΔv = 100 km s−1, the velocity range within 300 ± 3σΔv km s−1 includes most of the published Δv for star-forming cluster galaxies at these redshifts (e.g., Noble et al. 2017; Lee et al. 2017; Castignani et al. 2018; Hayashi et al. 2018). For the molecular gas measurement, we use the Galactic conversion factor [image: equation], as typical for normal galaxies (Bolatto et al. 2013; Carilli & Walter 2013; Combes 2018). The estimated physical properties of the spectroscopically confirmed members are given in Table 3.
3.3.2 Star formation rates
We calculate galaxy star formation rates using the Hα emission line flux from Noirot et al. (2018). We then combine them with our measurements of the molecular gas mass from the CO(2–1) line emission, and the galaxy stellar masses from Mei et al. (in prep.), in order to estimate the galaxy gas fraction, and sSFR, and depletion time and SFE upper limits.
Galaxy stellar masses and gas fractions
Mei et al. (in prep.) describe the details of our stellar mass measurements. We measure our CARLA galaxy stellar masses by calibrating our PSF-matched Spitzer IRAC1 magnitudes (Amodeo et al., in prep.) with galaxy stellar masses from Santini et al. (2015) derived from the Guo et al. (2013) multiwavelength catalog in the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS; PI: S. Faber, H. Ferguson; Koekemoer et al. 2011; Grogin et al. 2011) WIDE GOODS-S field.
The Spitzer IRAC1 magnitudes correspond to the rest-frame near infrared in the redshift range of the CARLA sample, and we expect them not to be biased by extinction. We find a very good correlation between these magnitudes and the Santini et al. (2015) mass measurements, with scatters of ~ 0.12 dex at the redshift of the cluster studied in this paper. Adding in quadrature the scatter of the relation and uncertainties from Santini et al. (2015), we obtain mass uncertainties in the range ~ 0.4–0.5 dex, and ~ 0.2–0.3 dex for masses larger than log[image: equation].
Table 3 shows the stellar masses of the spectroscopically confirmed cluster members. The masses derived from this calibration are on average ~0.5 dex smaller to those derived from stellar population models by Noirot et al. (2018), and the difference is larger at fainter magnitudes.This difference in mass estimates does not significantly change results from Noirot et al. (2018), in particular the conclusions from the SFR versus stellar mass analysis (Fig. 7 in Noirot et al. 2018). From our molecular gas mass upper limits, combined with our stellar masses, we compute the gas-to-stellar mass ratio as Mgas∕M* and the molecular gas fraction as fgas = Mgas∕(Mgas + M*). The results are shown in Table 3.
Star formation rates, specific star formation rates, depletion times and star formation efficiencies
We re-compute SFRHα, using the Hα line fluxes from Noirot et al. (2018) and our stellar masses from Mei et al. (in prep.). The Kennicut law (Kennicutt 1998) shows a direct proportionality between SFR and Hα flux,
[image: equation](3)
where SFRHα is the estimated SFR corrected for the contribution from the [NII] line and AHα is the dust attenuation.
We estimate AHα using the Garn & Best (2010) empirical law (which used the Calzetti et al. 2000 extinction law),
[image: equation](4)
where [image: equation] and M* is the stellar mass.
The symbol LHα represents the Hα luminosity in erg s−1, and it is calculated from FHα, the Hα flux given in erg cm−2 s−1, which is computed as
[image: equation](5)
where FHα+[NII]λ6548,6584 is the total observed Hα flux plus the [NII]λ6548, 6584 flux. In fact,the WFC3/G141 grism resolution does not permit us to deblend the three lines (Noirot et al. 2018). To measure [image: equation], we use the relation between this ratio and metallicity, and the fundamental relation between stellar mass, SFR, and metallicity. Following Curti et al. (2020) (Eqs. (2) and (5) and Table 6), we calculate the metallicity 12 + log(O∕H), expressed as a function of stellar mass and SFR:
[image: equation](6)
where Z0 = 8.779 ± 0.005, log (M0(SFR)) = m0 + m1 ×log(SFR), m0 = 10.11 ± 0.03, m1 = 0.56 ± 0.01, γ = 0.31 ± 0.01, and β = 2.1 ± 0.4.
Curti et al. (2020) also provide a new calibration for the relation between metallicity and [image: equation]:
[image: equation](7)
where x = 12 + log(O/H) − 8.69, c0 = −0.489, c1 = 1.513, c2 = −2.554, c3 = −5.293, and c4 = −2.867. Assuming a constant ratio [image: equation]:[image: equation] of 3:1 (Osterbrock & Ferland 2006), we derive [image: equation].
Since to calculate SFR in Eq. (3) we need to know [image: equation], and to measure [image: equation] in Eq. (7) we need to know the SFR, we follow Zeimann et al. (2013) and start with an initial value of [image: equation] and iterate Eqs. (3)–(7) until convergence.
Our results are shown in Table 4. For the AGN, we cannot separate the stellar contribution to the Hα+[NII] line emission from the AGN contribution (Tadhunter 2016). Since we know that the hosts of powerful AGNs present young stellar populations (e.g., Heckman & Kauffmann 2006), we consider that the stellar contribution to the total Hα+[NII] emission varies in the range of 20–100%. In Table 4, we compare our SFR measurements with those from Noirot et al. (2018), and we are consistent within 1.5–2σ. For some cluster galaxies we could not measure stellar masses, because they are not detected in the IRAC images, and we cannot re-compute the SFR. Hereafter, we will use our SFR measurements when we could derive them, and Noirot et al. (2018) SFR measurements for the other galaxies. Combining our measured SFR with the stellar masses from Mei et al. (in prep.), we compute the specific star formation rate [image: equation], the depletion time [image: equation], and the star formation efficiency [image: equation]. Our results are shown in Table 4.
Table 3

Velocity integrated CO(2–1) flux, luminosity, molecular gas mass, stellar mass, molecular gas-to-stellar mass ratio, and molecular gas fraction for the CARLA J1103 + 3449 cluster confirmed members.

Table 4

CARLA J1103 + 3449 cluster confirmed member [image: equation], attenuation, metallicity, SFR, sSFR, depletion time, and SFE.

4 Discussion
In this section, we discuss our results. We focus on understanding the origin of the molecular gas in the cluster central region and on the physical properties and scaling relations of the confirmed cluster members.
4.1 Origin of the molecular gas in the cluster core
In the core of the cluster, we observe two CO(2–1) emission peaks that correspond to a region spatially offset from the center of the AGN continuum emission and that does not correspond to any galaxy detected in our HST or Spitzer images. Radio observations of the CARLA J1103 + 3449 cluster from the work of Best et al. (1999) reveal two radio lobes, which are roughly in the same directions (east and west) as our CO(2–1) molecular gas components and our data extended continuum emission (Figs. 4, 7, and 8). The two radio lobes are asymmetrical, the western being more compact, while the eastern is more diffuse. The asymmetry of their widths may be due to their expansion in an ICM (intracluster medium) with a density gradient, in which the more diffuse lobe, the western lobe, would be expanding in a less dense environment (e.g., Seymour et al. 2020). Both CO(2–1) emission peaks are blueshifted compared to the NOEMA observation central velocity of 0 km s−1 (which corresponds to the cluster redshift of z = 1.44) and to the AGN redshift, and their spatial position is close to, but south of the AGN and the radio lobes.
	[image: thumbnail]	Fig. 8
HST/WFC3 F140W image of the central region of the cluster, with the contours of CO(2–1) emission of the eastern (1–2σ) and western (1–4σ) emission peaks (shown as blue and red contours, respectively), and the continuum emission at 94.5 GHz (white contours; 3–24σ). The central blue square and the pink star with four spikes show the position of the AGN and of the star, respectively. The green squares are the positions of IRAC color-selected galaxies in the cluster’s central region. North is up and east is to the left.



4.1.1 Undetected galaxies
To exclude the hypothesis that the two CO(2–1) line emission components might originate from two or more galaxies that are not detected at the detection limit of our optical or near infrared images, we measure their hypothetical properties by making reasonable assumptions. Since our HST/WFC3 F140W images have a depth similar to the CANDELS WIDE survey, we use the CANDELS/WIDE survey mass limit M* = 5 × 109 M⊙ (Grogin et al. 2011; similar to our Spitzer mass limit) as an upper limit to the stellar mass of each of these two hypothetical galaxies.
Assuming the 3σ Hα emission line flux limit of FHα = 2.1 × 10−17 erg cm−2 s−1 for the HST/WFC3 G141 grism spectra (Momcheva et al. 2016; Noirot et al. 2018) as an upper limit of the undetected Hα flux, and using the upper limit of the stellar mass, we estimate an upper limit to the SFR of the two emission peak components as SFRHα < 2 M⊙ yr−1, using the same system of equations in Sect. 3.3.2 and the cluster redshift2. We then estimate lower limits to the molecular gas-to-stellar mass ratios and gas fractions that correspond to the eastern and western peak emission. We obtain molecular gas masses of [image: equation], and [image: equation]. We use the Galactic conversion factor because it is very improbable that these hypothetical galaxies are star-burst galaxies since they are not detected in our HST/WFC3 G141 grism observations. They could be only if the attenuation has an anomalously high values, of AHα > 5. Those gas masses lead to estimated gas fraction lower limits of fgas ≳ 95%, and a lower limit on the depletion times of τdep ≳ 55 Gyr. This is much longer than the depletion times observed for standard star-forming galaxies up to z ~ 4, which are closer to ~1−3 Gyr (e.g., Tacconi et al. 2013, 2018). The probability that the line that we are observing is not CO(2–1) is very small, given that it is very close to the CO(2–1) emission expected at the cluster redshift.
Some massive galaxies at z > 2 can be detected in millimeter wavelengths but not in the HST optical and near-infrared bands (e.g., Franco et al. 2018). However, these galaxies are rare (0.1 galaxy arcmin−2), massive, and usually detected with Spitzer/IRAC. Given the number densities of high redshift galaxies (e.g., Davidzon et al. 2018; Franco et al. 2018), having two galaxies of this kind so spatially close is possible but very improbable. These results mean that these two hypothetical galaxies would be unusually gas rich, with low SFR (or anomalously high attenuation), high gas fractions, and very long depletion times, independent of the conversion factor that we use. It is then very unlikely that our signal is due to undetected galaxies.
4.1.2 Extended emission
Excluding the hypothesis that the two CO(2–1) emission lines are due to undetected galaxies, they might trace molecular gas originating from an extended disk or torus, or emission components of molecular gas outflows or inflows associated with the AGN and its two radio jet lobes. We find no evidence to support the hypothesis of CO emission from an extended (up to tens of kiloparsecs) rotating disk or torus of molecular gas around the AGN. In fact, the CO(2–1) eastern and western peak emissions are not spatially located at the AGN position, they are located southeast and southwest of the AGN and the radio jets. The total molecular gas mass in the southern structures around the AGN is ≿ 60% of the total molecular gas, from [image: equation], and the upper limit on the AGN molecular gas mass (<3 × 1010 M⊙; Sect. 3.2; Table 3).
In the local Universe, both disk-dominated and filament-dominated central cluster galaxies have been observed with the Atacama Large Millimeter/submillimeter Array (ALMA; Russell et al. 2019; Olivares et al. 2019). In the first type, most of the molecular gas is concentrated in a disk around the central galaxy, while in the second type the molecular gas is mostly (> 70%) in filaments around the central galaxy (the most known example being the Perseus cluster; Salomé et al. 2006). The filaments typically extend from a few kiloparsecs in length up to 10− 20 kpc, and the molecular gas emission is offset with respect to the central AGN by projected distances of a few kiloparsecs. For the central galaxy of the cluster A1795, some molecular gas clumps are associated with the lobes of the radio jets. In filament-dominated galaxies, the filaments trace radio bubbles, and are associated with both gas outflow and inflow.
The molecular gas that we detect south of our central AGN also dominates the cluster central molecular gas reservoir and our observations are consistent with the filament-dominated local central galaxies. This suggests that the eastern and western emission peaks can be associated with gas outflow and inflow from the AGN. In fact, the AGN jets can drive a large amount of molecular gas, but this is not always expelled from the galaxy surroundings (e.g., Costa et al. 2015; Prasad et al. 2015), and can be re-accreted. As a consequence, the signal that we observe can be due to both inflows and outflows. When the amount of molecular gas outside the host galaxy is comparable to or higher than the host galaxy molecular gas reservoir, this also suggests that the gas has been cooled (e.g., Klamer et al. 2004; Nesvadba et al. 2009; Emonts et al. 2014; Russell et al. 2019). For the CARLA J1103 + 3449 cluster, we expect a reservoir of hot ICM that surrounds the host AGN, with accretion at the center of the cluster potential well. The detection of cool molecular gas around a central cluster AGN can indicate cooling due to the interaction of the ICM and AGN jets or can be due to condensation of low entropy hot gas uplifted by the AGN jet away from the host galaxy (Salomé et al. 2006; Lim et al. 2008; Gaspari et al. 2012; McNamara et al. 2014; Russell et al. 2014; Emonts et al. 2014; Li et al. 2015; Prasad et al. 2015; Gaspari & Sa̧dowski 2017; Voit et al. 2017; Tremblay et al. 2018; Olivares et al. 2019). With our observations, we cannot distinguish between these two scenarios.
4.2 Confirmed cluster member physical properties and scaling relations
In this section, we compare the physical properties of our measured cluster confirmed members to both cluster and field galaxies at similar redshifts (1 < z < 2.6). Our CO(2–1) luminosity, estimated upper limits to the velocity integrated CO(2–1) flux, and depletion times are similar to the literature for other cluster galaxies, AGN, and spiral galaxies at 1 < z < 2.5 (Wagg et al. 2012; Casasola et al. 2013; Emonts et al. 2014; Rudnick et al. 2017; Noble et al. 2017; Castignani et al. 2018, 2020; Hayashi et al. 2018), and galaxies in the field in the same redshift range (Tacconi et al. 2013). To compare our molecular gas upper limits to the literature, we have to take into account that we assume [image: equation] (Sect. 3; Solomon & Vanden Bout 2005), and in several works a lower ratio of ~ 20−50% is assumed. For example, Noble et al. (2017) use a ratio of [image: equation], Hayashi et al. (2018) use [image: equation], and Tacconi et al. (2013) assume [image: equation]. In Figs. 9–11, we show the original published values, without scaling. In fact, our results do not significantly change when using other values of [image: equation]. We also know that stellar mass estimations can differ by up to a factor of ~ 1.5−6 (~ 0.1−0.8 dex) when using different techniques or different stellar population models (van der Wel et al. 2006; Lee et al. 2009; Maraston et al. 2010; Raichoor et al. 2011; Pforr et al. 2012; Sorba & Sawicki 2018).
In Fig. 9, we compare our molecular gas mass versus stellar mass relation to other works. Our upper limits agree with the field molecular gas mass-to-stellar mass ratio from the Plateau de Bure high-z Blue Sequence Survey (PHIBBS) survey (Tacconi et al. 2013). This result also holds when considering the uncertainties in the [image: equation] conversion, conversion factor αCO, and stellar masses. Our galaxies show upper limits that are higher than the molecular gas mass-to-stellar mass ratio in some of the other clusters. However, since they are only upper limits, we cannot make conclusions on environmental effects, apart from the fact that our cluster galaxies do not show evidence for larger gas reservoirs than field galaxies with similar stellar masses.
In Figs. 10 and 11, we show SFR as a function of stellar and molecular gas mass, respectively. Figure 10 only shows results for galaxies for which we can measure the stellar mass. Compared to field galaxies, the SFR of the AGN host is within ~ 1−1.5σ of the MS from Tacconi et al. (2013), and the SFR of the other spectroscopically confirmed cluster members is ~ 2σ lower than the MS (Fig. 10), consistent with results from Noirot et al. (2018), which concluded that star-forming galaxies with stellar mass > 1010 M⊙ in the CARLA HST cluster sample have lower SFR than field galaxies with similar masses at the same redshifts. In Fig. 11, the AGN SFR (for all the Hα stellar emission percentages considered in this paper) is also within ~ 1σ of field galaxies with gas masses similar to its molecular gas mass upper limit. This shows that its SFR is typical of galaxies in the field with the same molecular gas reservoir.
The AGN SFR is comparable to the main sequence of star-forming field galaxies, and its star formation has not yet been quenched. This is consistent with the large molecular gas reservoir in the center of the cluster. As a massive early-type central cluster galaxy, the AGN is predicted to have gone through at least one major merger, which might have triggered a starburst phase (Hopkins et al. 2006b, 2008; Snyder et al. 2011; Yesuf et al. 2014), which we do not observe as on-going in our data. During this phase, the galaxy is predicted to lie above the MS in the SFR−M* and SFR−Mgas diagrams (Figs. 10 and 11), and the galaxy molecular gas is converted into stars. Afterwards, the remaining molecular gas content is expected to be consumed by the combination of star formation and feedback (Snyder et al. 2011; Yesuf et al. 2014). Our AGN is observed on the star-forming galaxy MS (with a SFR of ~ 30–140 M⊙ yr−1), and we expect that it will evolve toward quenching when the molecular gas reservoir is depleted, becoming a passive ETG similar to those observed in lower redshift cluster centers (Norton et al. 2001; Hopkins et al. 2008; Snyder et al. 2011; Yesuf et al. 2014).
	[image: thumbnail]	Fig. 9
Molecular gas mass vs. stellar mass relation for the AGN (empty black circles) and for other CARLA J1103 + 3449 spectroscopically confirmed cluster members (blue filled circles) compared to other cluster (green and cyan) and field galaxies (red) from the literature. The arrows show lower and upper limits. Green markers are the results for cluster galaxies for which gas masses were estimated using the Galactic conversion factor. Cyan markers are estimations with different values of the conversion factor. Dashed and dashed-dotted lines represent the Tacconi et al. (2013) relation for field star-forming galaxies and its 1σ scatter.



	[image: thumbnail]	Fig. 10
Star formation rate as a function of stellar mass. Symbols are the same as in Fig. 9. The AGN SFR is shown with different contributions of the Hα+[NII] stellar emission to the total flux. We compare our results with those from other works. The dashed and the dashed-dotted lines represent the best fit with 1σ
scatter for the MS of field galaxies from Tacconi et al. (2013).



	[image: thumbnail]	Fig. 11
Star formation rate as a function of gas mass. Symbols are the same as in Fig. 9. The arrows show upper limits. Dashed and dashed-dotted lines represent the Tacconi et al. (2013) relation for field star-forming galaxies and its 1σ scatter.



5 Summary
We report on observations of the central region of the galaxy cluster CARLA J1103 + 3449 at z = 1.44 with NOEMA, and measure the molecular gas content in the center of the cluster. We also obtain SFR, sSFR, molecular gas mass, and SFE, and gas depletion time upper limits for the spectroscopically confirmed cluster members.
Our main results are:
	
At the rest frequency of νrest = 230.5 GHz, the dominant source of our NOEMA extended continuum emission is the non-thermal synchrotron radio emission from the AGN. We measured its flux at the AGN position and at the position of two radio jets. The central AGN in CARLA J1103 + 3449 has been already observed at 4.71 and 8.21 GHz by Best et al. (1999), who found two asymmetrical radio lobes, one oriented toward the east and the other toward the west. We measured the continuum within a region the size of the NOEMA beam centered on the AGN and the two lobes, and obtained [image: equation],
[image: equation], and [image: equation]. Combining our measurements with published results over the range 4.71–94.5 GHz, and assuming
Ssynch ∝ ν−α, we obtained a flat spectral index α = 0.14 ± 0.03 for the AGN core emission, and a steeper index α = 1.43 ± 0.04 and α = 1.15 ± 0.04 at positions close to the western and eastern lobe, respectively, which is consistent with optically thicker synchrotron emission. The total spectral index is α = 0.92 ± 0.02 over the range 73.8 MHz–94.5 GHz.


	
We detected two CO(2–1) emission line peaks with S∕N ~ 6, blueshifted with respect to the AGN redshift. One of the two detected emission peaks is situated at a projected distance of ~17 kpc southeast of the AGN, and the second one is ~14 kpc southwest of the AGN. These regions are roughly aligned with the radio jets (east-west), and south of them. These two emissions do not correspond to the position of any galaxy that we detect in our optical or near-infrared images, and it is very unlikely that they are due to undetected galaxies (see Sect. 4).


	
We found a massive reservoir of cool molecular gas in the center of the cluster, distributed south of the AGN. From the CO(2–1) total velocity integrated flux, the total cluster core molecular gas mass is
[image: equation]. The two CO(2–1) emission line peaks correspond to molecular gas masses of Mgas = 1.9 ± 0.3 × 1010 M⊙
for the eastern component, and of Mgas = 2.0 ± 0.3 × 1010 M⊙
for the western component. Considering the upper limit of 3 × 1010 M⊙
on the AGN molecular mass (see below), the southern emission molecular gas mass is ≿60% of the cluster total central molecular mass reservoir. Our observations can be explained by gas inflows and outflows, either due to cluster gas accretion or, most probably, driven by the jets, as is observed in filament-dominated central galaxies in the local Universe. The gas might be cooled by the interaction of the ICM and AGN jets or could be due to condensation of low entropy hot gas uplifted by the AGN jet away from the host galaxy.


	
The central AGN host is an ETG with a SFR of ~30−140  M⊙ yr−1, depending on the assumed percentage of AGN contribution to its Hα+[NII] flux (20–100%). The upper limit on its gas reservoir is of Mgas < 3 × 1010 M⊙. This means that the AGN molecular gas reservoir amounts to ≲40% of the total molecular gas reservoir in the center of the cluster. The AGN host SFR lies on the MS of star-forming galaxies at a similar redshift, and it has not yet been quenched. We expect that its star formation will be also fed by the larger southern molecular gas reservoir.


	
We measured SFR and sSFR, and estimated upper limits on the molecular gas masses, gas fractions, SFE, and depletion times for the other spectroscopically confirmed cluster members. Our spectroscopically confirmed cluster member SFR is at ~2σ
below the field star-forming MS (Fig. 10), consistent with results from Noirot et al. (2018), who concluded that star-forming galaxies with stellar mass >1010 M⊙
in the CARLA HST cluster sample have a lower SFR than field galaxies at a similar redshift, and of similar stellar mass. We find that the molecular gas mass upper limits are in the range of average values for field galaxies at similar redshiftsand of similar stellar mass, and we cannot make conclusions on environmental effects apart from the fact that our cluster galaxies do not show evidence for larger gas reservoir than field galaxies with similar stellar mass.
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Appendix A  Positions of the two CO(2–1) emission peaks
In order to kinematically resolve the two components of the CO(2–1) emission line, we performed an analysis of different ranges of channels (velocities or frequencies) in the CO(2–1) spectrum and created the corresponding CO(2–1) emission line intensity maps, averaged over the chosen range of velocities. In Fig. A.1, we select a range of velocities so that we include both the eastern and western emission peaks (− 1075 km s−1 < v < +125 km s−1. In Fig. A.2, we select only the range of velocities that correspond to the eastern peak (− 1075 km s−1 < v < −475 km s−1). In Fig. A.3, we select only the range of velocities that correspond to the western peak (− 375 km s−1 < v < +125 km s−1). We can see that, although both the eastern and western emission peaks are superposed in some regions of the cluster core, we can kinematically separate them.
	[image: thumbnail]	Fig. A.1
Left: CO(2–1) line emission intensity map of the central cluster region with NOEMA created by selecting the channel ranges that include both the eastern and western emission peaks (on the right). The spectra are binned in channels of 100 km s−1. The contour levels are 1σ, 2σ, and 3σ.



	[image: thumbnail]	Fig. A.2
Left: CO(2–1) line emission intensity map of the central cluster region with NOEMA created by selecting the channel ranges that include only the eastern emission peak (on the right). The spectra are binned in channels of 100 km s−1. The contour levels are 1σ and 2σ.



	[image: thumbnail]	Fig. A.3
Left: CO(2–1) line emission intensity map of the central cluster region with NOEMA created by selecting the channel ranges that include only the western emission peak (on the right). The spectra are binned in channels of 100 km s−1. The contour levels are 1σ, 2σ, 3σ, and 4σ.
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1 http://www.iram.fr/IRAMFR/GILDAS/


2 We assume that these hypothetical galaxies are at the cluster redshift because it would be very improbable to have two galaxies at another redshift so close to the cluster center and with spectral peaks so close to the cluster redshift.
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	[image: thumbnail]	Fig. 1
Keck/LRIS spectrum of B2 1100 + 35, the radio galaxy at the center of CARLA J1103 + 3449. Since the night was not photometric, the y-axis only provides relative flux calibration.
In the text



	[image: thumbnail]	Fig. 2
Distribution of spectroscopically confirmed members of CARLA J1103 + 3449 (green circles) with the central AGN (red star) (Noirot et al. 2018). The background images are the two orientation HST/WFC3 F140W frames. The shaded area indicates the NOEMA mosaic map area.
In the text



	[image: thumbnail]	Fig. 3
Left: continuum emission map of the CARLA J1103 + 3449 cluster at 94.48 GHz. The map was obtained by averaging the flux over a velocity range of 2450 km s−1, outside of the emission lines. The rms noise level is σ ~ 0.2 mJy beam−1 in the central pointing intersection region, and the contours show the 3σ, 6σ, 9σ, etc. levels upto 24σ. Right: continuum subtracted CO(2–1) line emission mosaic map. The color wedge of the intensity maps is in Jy beam−1. The map was obtained by averaging the flux over a velocity range of 1200 km s−1, and has an average rms noise level of σ ~ 0.2 mJy beam−1 in the central pointing intersection region. The continuous lines show positive σ contours andthe dotted lines show negative σ contours. The contours show the 1σ, 2σ, and 3σ levels. The cross marks the phase center of the mosaic. The noise approximately doubles toward the map edges because of the primary beam correction. Both maps show an extended source in the cluster center.
In the text



	[image: thumbnail]	Fig. 4
Zoom-in on the continuum emission map of the extended source in the cluster center. The continuum emission contours (white) run as 3σ, 6σ, 9σ, etc. up to 24σ. The radio emission contours at 4.71 GHz from the work of Best et al. (1999) are overlaid on the image (in blue). The brightest continuum emission peak and one of the radio peaks are both centered on the AGN. The continuum emissions visually correspond to the position of the radio jets, suggesting the same or a connected physical origin. North is up and east is to the left.
In the text



	[image: thumbnail]	Fig. 5
Total SED plot of the AGN in the radio and millimeter wavebands from our work (black), Best et al. (1999) (blue), Becker et al. (1991) (green), Condon et al. (1998) (cyan), Colla et al. (1973) (magenta), Douglas et al. (1996) (red), Waldram et al. (1996) (gray), and Cohen et al. (2007) (orange). Over this range of frequencies, we obtain an AGN spectral index of α = 0.92 ± 0.02.
In the text



	[image: thumbnail]	Fig. 6
Left: zoom-in on the CO(2–1) line emission, continuum-subtracted mosaic map of the extended source in the cluster center. The black cross marks the center of our observations. The beam size (4.14 × 3.45 arcsec2) is plotted at the lower left. The color scale of the intensity map is in Jy beam−1. The rms noise level is σ ~ 0.2 mJy beam−1 in the central pointing intersection region. The contours correspond to the 1σ, 2σ, and 3σ levels. Right: CO(2–1) line emission integrated spectrum. The two Gaussian fits correspond to system velocities of Vsys =−623.0 km s−1 (blue) and Vsys = −115.5 km s−1 (red). The AGN spectroscopic redshift corresponds to a velocity of v = 331.6 km s−1 (vertical green line).
In the text



	[image: thumbnail]	Fig. 7
HST/WFC3 F140W image of the central region of the cluster, with contours of CO(2–1) emission of the eastern and western emission peaks (shown as blue and red contours, respectively), and the radio emission at 4.71 GHz (yellow) from the work of Best et al. (1999). The central peak of the radio emission corresponds to the position of the AGN. The two radio lobes are asymmetrical, with the one to the east (left of the AGN) being more compact and the one to the west more diffuse. The central blue square and the pink star with four spikes show the position of the AGN and of the star, respectively. The green squares are the positions of IRAC color-selected galaxies in the cluster’s central region. The contours are derived by integrating the CO(2–1) emission across the velocities marked by their corresponding color on the CO(2–1) emission line spectra. The spectra are shown in the top left and right insets (see Appendix A for more details). The contour levels of the eastern and western emission peaks are 1–2σ and 1–4σ, respectively. The eastern and western emission peaks are south of the AGN, and do not correspond to any galaxy detected on the HST or Spitzer images. North is up and east is to the left. The beam scale is shown on the bottom left.
In the text



	[image: thumbnail]	Fig. 8
HST/WFC3 F140W image of the central region of the cluster, with the contours of CO(2–1) emission of the eastern (1–2σ) and western (1–4σ) emission peaks (shown as blue and red contours, respectively), and the continuum emission at 94.5 GHz (white contours; 3–24σ). The central blue square and the pink star with four spikes show the position of the AGN and of the star, respectively. The green squares are the positions of IRAC color-selected galaxies in the cluster’s central region. North is up and east is to the left.
In the text



	[image: thumbnail]	Fig. 9
Molecular gas mass vs. stellar mass relation for the AGN (empty black circles) and for other CARLA J1103 + 3449 spectroscopically confirmed cluster members (blue filled circles) compared to other cluster (green and cyan) and field galaxies (red) from the literature. The arrows show lower and upper limits. Green markers are the results for cluster galaxies for which gas masses were estimated using the Galactic conversion factor. Cyan markers are estimations with different values of the conversion factor. Dashed and dashed-dotted lines represent the Tacconi et al. (2013) relation for field star-forming galaxies and its 1σ scatter.
In the text



	[image: thumbnail]	Fig. 10
Star formation rate as a function of stellar mass. Symbols are the same as in Fig. 9. The AGN SFR is shown with different contributions of the Hα+[NII] stellar emission to the total flux. We compare our results with those from other works. The dashed and the dashed-dotted lines represent the best fit with 1σ
scatter for the MS of field galaxies from Tacconi et al. (2013).
In the text



	[image: thumbnail]	Fig. 11
Star formation rate as a function of gas mass. Symbols are the same as in Fig. 9. The arrows show upper limits. Dashed and dashed-dotted lines represent the Tacconi et al. (2013) relation for field star-forming galaxies and its 1σ scatter.
In the text



	[image: thumbnail]	Fig. A.1
Left: CO(2–1) line emission intensity map of the central cluster region with NOEMA created by selecting the channel ranges that include both the eastern and western emission peaks (on the right). The spectra are binned in channels of 100 km s−1. The contour levels are 1σ, 2σ, and 3σ.
In the text



	[image: thumbnail]	Fig. A.2
Left: CO(2–1) line emission intensity map of the central cluster region with NOEMA created by selecting the channel ranges that include only the eastern emission peak (on the right). The spectra are binned in channels of 100 km s−1. The contour levels are 1σ and 2σ.
In the text



	[image: thumbnail]	Fig. A.3
Left: CO(2–1) line emission intensity map of the central cluster region with NOEMA created by selecting the channel ranges that include only the western emission peak (on the right). The spectra are binned in channels of 100 km s−1. The contour levels are 1σ, 2σ, 3σ, and 4σ.
In the text
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Keck/LRIS spectrum of B2 1100 + 35, the radio galaxy at the center of CARLA J1103 + 3449. Since the night was not photometric, the y-axis only provides relative flux calibration.


    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
Distribution of spectroscopically confirmed members of CARLA J1103 + 3449 (green circles) with the central AGN (red star) (Noirot et al. 2018). The background images are the two orientation HST/WFC3 F140W frames. The shaded area indicates the NOEMA mosaic map area.
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Left: continuum emission map of the CARLA J1103 + 3449 cluster at 94.48 GHz. The map was obtained by averaging the flux over a velocity range of 2450 km s−1, outside of the emission lines. The rms noise level is σ ~ 0.2 mJy beam−1 in the central pointing intersection region, and the contours show the 3σ, 6σ, 9σ, etc. levels upto 24σ. Right: continuum subtracted CO(2–1) line emission mosaic map. The color wedge of the intensity maps is in Jy beam−1. The map was obtained by averaging the flux over a velocity range of 1200 km s−1, and has an average rms noise level of σ ~ 0.2 mJy beam−1 in the central pointing intersection region. The continuous lines show positive σ contours andthe dotted lines show negative σ contours. The contours show the 1σ, 2σ, and 3σ levels. The cross marks the phase center of the mosaic. The noise approximately doubles toward the map edges because of the primary beam correction. Both maps show an extended source in the cluster center.
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Zoom-in on the continuum emission map of the extended source in the cluster center. The continuum emission contours (white) run as 3σ, 6σ, 9σ, etc. up to 24σ. The radio emission contours at 4.71 GHz from the work of Best et al. (1999) are overlaid on the image (in blue). The brightest continuum emission peak and one of the radio peaks are both centered on the AGN. The continuum emissions visually correspond to the position of the radio jets, suggesting the same or a connected physical origin. North is up and east is to the left.


    

  
    Table 1 

Continuum flux measurements.



	Component
	RA (J2000)
	Dec (J2000)
	F4.71 GHz
	F8.21 GHz
	F94.5 GHz
	αB99
	α



		(h:m:s)
	(d:m:s)
	(mJy)
	(mJy)
	(mJy)
		




	Total
	...
	...
	96.6
	55.7
	6.5 ± 0.3
	...
	0.94 ± 0.01



	Core
	11:03:26.26
	+34:49:47.2
	6.8
	6.9
	4.6 ± 0.2
	−0.04
	0.14 ± 0.03



	West
	11:03:25.83
	+34:49:45.9
	57.0
	29.1
	0.8 ± 0.2
	1.21
	1.43 ± 0.04



	East + jet
	11:03:26.77
	+34:49:47.7
	32.8
	19.7
	1.1 ± 0.2
	...
	1.15 ± 0.04



	East
	11:03:26:89
	+34:49:47.8
	21.7
	12.7
	...
	0.96
	...



	Jet
	11:03:26.64
	+34:49:48.2
	11.1
	7.0
	...
	0.82
	...






Notes. Continuum flux measurements from our work at 94.5 GHz, and those from Best et al. (1999) at 4.71 and 8.21 GHz. We measure the spectral index α over this wavelength range, while αB99 are the spectral indexes from Best et al. (1999).





  
    
      Fig. 5 
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Total SED plot of the AGN in the radio and millimeter wavebands from our work (black), Best et al. (1999) (blue), Becker et al. (1991) (green), Condon et al. (1998) (cyan), Colla et al. (1973) (magenta), Douglas et al. (1996) (red), Waldram et al. (1996) (gray), and Cohen et al. (2007) (orange). Over this range of frequencies, we obtain an AGN spectral index of α = 0.92 ± 0.02.


    

  
    
      Fig. 6 
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Left: zoom-in on the CO(2–1) line emission, continuum-subtracted mosaic map of the extended source in the cluster center. The black cross marks the center of our observations. The beam size (4.14 × 3.45 arcsec2) is plotted at the lower left. The color scale of the intensity map is in Jy beam−1. The rms noise level is σ ~ 0.2 mJy beam−1 in the central pointing intersection region. The contours correspond to the 1σ, 2σ, and 3σ levels. Right: CO(2–1) line emission integrated spectrum. The two Gaussian fits correspond to system velocities of Vsys =−623.0 km s−1 (blue) and Vsys = −115.5 km s−1 (red). The AGN spectroscopic redshift corresponds to a velocity of v = 331.6 km s−1 (vertical green line).


    

  
    
      Fig. 7 
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HST/WFC3 F140W image of the central region of the cluster, with contours of CO(2–1) emission of the eastern and western emission peaks (shown as blue and red contours, respectively), and the radio emission at 4.71 GHz (yellow) from the work of Best et al. (1999). The central peak of the radio emission corresponds to the position of the AGN. The two radio lobes are asymmetrical, with the one to the east (left of the AGN) being more compact and the one to the west more diffuse. The central blue square and the pink star with four spikes show the position of the AGN and of the star, respectively. The green squares are the positions of IRAC color-selected galaxies in the cluster’s central region. The contours are derived by integrating the CO(2–1) emission across the velocities marked by their corresponding color on the CO(2–1) emission line spectra. The spectra are shown in the top left and right insets (see Appendix A for more details). The contour levels of the eastern and western emission peaks are 1–2σ and 1–4σ, respectively. The eastern and western emission peaks are south of the AGN, and do not correspond to any galaxy detected on the HST or Spitzer images. North is up and east is to the left. The beam scale is shown on the bottom left.


    

  
    Table 2 

Integrated flux measurements, the CO luminosity, and the gas mass from the integrated CO(2–1) line emission.



	Peak
	SCO Δv
	[image: equation]
	Mgas



		(Jy km s−1)
	(1010 Kpc2km s−1)
	(1010M⊙)





	Eastern
	0.88 ± 0.14
	2.4 ± 0.4
	1.9 ± 0.3



	Western
	0.90 ± 0.14
	2.4 ± 0.4
	2.0 ± 0.3






Notes. Since we used the lower end of standard αCO values, we show lower limits to the molecular gas.





  
    Table 3 

Velocity integrated CO(2–1) flux, luminosity, molecular gas mass, stellar mass, molecular gas-to-stellar mass ratio, and molecular gas fraction for the CARLA J1103 + 3449 cluster confirmed members.



	id
	SCO Δv
	LCO  
	Mgas
	M*
	Mgas∕M*
	fgas



		(Jy km s−1)
	(109 Kpc2km s−1)
	(1010M⊙)
	(1010M⊙)
		(%)





	AGN/491
	<0.3
	<7
	<3
	5 ± 2
	<0.6
	<40



	490
	<0.3
	<7
	<3
	...
	...
	...



	320
	< 0.4
	< 10
	< 4
	0.7 ± 0.7
	< 6
	< 85



	283
	<0.5
	<12
	<5
	...
	...
	...



	279
	< 0.5
	< 12
	< 5
	...
	...
	...



	199
	<0.6
	<17
	<7
	4 ± 2
	<2
	<66



	183
	<0.6
	<17
	<7
	0.3 ± 0.3
	<23
	<96






Notes. The identification numbers in the column “id” are the same as in the catalog published by Noirot et al. (2018). The other columns show the velocity integrated CO(2–1) flux, luminosity, molecular gas mass, stellar mass, molecular gas-to-stellar mass ratio, and molecular gas fraction of the CARLA J1103 + 3449 spectroscopically confirmed cluster members in the cluster core. The spectroscopically confirmed members were not detected with NOEMA and we report their
3σrms upper limits.





  
    Table 4 

CARLA J1103 + 3449 cluster confirmed member [image: equation], attenuation, metallicity, SFR, sSFR, depletion time, and SFE.



	id
	[image: equation]
	AHα
	12 + log(O/H)
	SFRHα
	sSFR
	τdep
	SFE



		(M⊙ yr−1)
			(M⊙ yr−1)
	(Gyr−1)
	(Gyr)
	(Gyr−1)





	AGN/491 100%
	<140
	1.4
	8.6
	140 ± 50
	3 ± 2
	<0.2
	>5



	AGN/491 80%
	...
	1.4
	8.6
	110 ± 40
	2 ± 1
	<0.3
	>4



	AGN/491 60%
	...
	1.4
	8.6
	80 ± 30
	2 ± 1
	<0.4
	>3



	AGN/491 40%
	...
	1.5
	8.6
	50 ± 20
	1.1 ± 0.7
	<0.6
	>2



	AGN/491 20%
	...
	1.5
	8.7
	30 ± 8
	0.5 ± 0.3
	<1
	>0.8



	490(+)
	25 ± 5
	...
	...
	...
	...
	<1
	> 0.8



	320
	10 ± 5
	0.8
	8.6
	6 ± 3
	1 ± 1
	<7
	>0.1



	283(+)
	16 ± 7
	...
	...
	...
	...
	<3
	>0.3



	279(+)
	11 ± 6
	...
	....
	...
	...
	<5
	>0.2



	199
	11 ± 4
	1.4
	8.7
	9 ± 4
	0.2 ± 0.1
	<8
	>0.1



	183
	13 ± 5
	0.5
	8.4
	6 ± 4
	2 ± 3
	<12
	>0.1



	93
	10 ± 2
	...
	...
	...
	...
	...
	...






Notes. The identification numbers in the column “id” are the same as in the catalog published by Noirot et al. (2018). The column
[image: equation]
shows the SFR calculated in Noirot et al. (2018). The other columns show our measurements of attenuation, metallicity, SFR, sSFR, depletion time, and SFE for the confirmed members of the CARLA J1103 + 3449 cluster. In the case of the AGN (id 491), since we cannot separate the AGN and stellar contributions, we vary the stellar contribution to the total Hα+[NII] emission flux in the range 20−100%. The plus symbol (+) shows the cluster members for which we use the values of SFR reported in Noirot et al. (2018) to estimate depletion time and SFE.





  
    
      Fig. 8 

      
        [image: thumbnail]
      

      
HST/WFC3 F140W image of the central region of the cluster, with the contours of CO(2–1) emission of the eastern (1–2σ) and western (1–4σ) emission peaks (shown as blue and red contours, respectively), and the continuum emission at 94.5 GHz (white contours; 3–24σ). The central blue square and the pink star with four spikes show the position of the AGN and of the star, respectively. The green squares are the positions of IRAC color-selected galaxies in the cluster’s central region. North is up and east is to the left.


    

  
    
      Fig. 9 

      
        [image: thumbnail]
      

      
Molecular gas mass vs. stellar mass relation for the AGN (empty black circles) and for other CARLA J1103 + 3449 spectroscopically confirmed cluster members (blue filled circles) compared to other cluster (green and cyan) and field galaxies (red) from the literature. The arrows show lower and upper limits. Green markers are the results for cluster galaxies for which gas masses were estimated using the Galactic conversion factor. Cyan markers are estimations with different values of the conversion factor. Dashed and dashed-dotted lines represent the Tacconi et al. (2013) relation for field star-forming galaxies and its 1σ scatter.


    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
Star formation rate as a function of stellar mass. Symbols are the same as in Fig. 9. The AGN SFR is shown with different contributions of the Hα+[NII] stellar emission to the total flux. We compare our results with those from other works. The dashed and the dashed-dotted lines represent the best fit with 1σ
scatter for the MS of field galaxies from Tacconi et al. (2013).


    

  
    
      Fig. 11 

      
        [image: thumbnail]
      

      
Star formation rate as a function of gas mass. Symbols are the same as in Fig. 9. The arrows show upper limits. Dashed and dashed-dotted lines represent the Tacconi et al. (2013) relation for field star-forming galaxies and its 1σ scatter.


    

  
    
      Fig. A.1 

      
        [image: thumbnail]
      

      
Left: CO(2–1) line emission intensity map of the central cluster region with NOEMA created by selecting the channel ranges that include both the eastern and western emission peaks (on the right). The spectra are binned in channels of 100 km s−1. The contour levels are 1σ, 2σ, and 3σ.


    

  
    
      Fig. A.2 

      
        [image: thumbnail]
      

      
Left: CO(2–1) line emission intensity map of the central cluster region with NOEMA created by selecting the channel ranges that include only the eastern emission peak (on the right). The spectra are binned in channels of 100 km s−1. The contour levels are 1σ and 2σ.


    

  
    
      Fig. A.3 

      
        [image: thumbnail]
      

      
Left: CO(2–1) line emission intensity map of the central cluster region with NOEMA created by selecting the channel ranges that include only the western emission peak (on the right). The spectra are binned in channels of 100 km s−1. The contour levels are 1σ, 2σ, 3σ, and 4σ.
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