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Abstract

We investigate the spatial extent and structure of the [C II] line emission in a sample of 34 galaxies at z = 4 − 6 from the [C II] Resolved ISM in STar-forming galaxies with ALMA (CRISTAL) Survey. By modeling the distribution of the [C II] line emission in the interferometric visibility data directly, we derive the effective radius of [C II] line emission assuming an exponential profile. These measurements comprise not only isolated galaxies but also interacting systems that were identified thanks to the high spatial resolution of the data. The [C II] line radius ranges from 0.5 to 3.5 kpc with an average value of ⟨Re, [CII]⟩ = 1.90 kpc. We compare the [C II] sizes with the sizes of rest-frame ultraviolet (UV) and far-infrared (FIR) continua, which were measured from the HST F160W images and ALMA Band-7 continuum images, respectively. We confirm that the [C II] line emission is more spatially extended than the continuum emission, with average size ratios of ⟨Re, [CII]/Re, UV⟩ = 2.90 and ⟨Re, [CII]/Re, FIR⟩ = 1.54, although about half of the FIR-detected sample shows a comparable spatial extent between the [C II] line and the FIR continuum emission (Re, [CII] ≈ Re, FIR). The residual visibility data of the best-fit model do not show statistical evidence of flux excess, indicating that the [C II] line emission in star-forming galaxies can be characterized by an extended exponential disk profile. Overall, our results suggest that the spatial extent of [C II] line emission can primarily be explained by photodissociation regions associated with star formation activity, while the contribution from diffuse neutral medium (atomic gas) and the effects of past merger events may further expand the [C II] line distributions, causing their variations among our sample. Finally, we report the negative correlation between the [C II] surface density (Σ[CII]) and the Lyα equivalent width (EWLyα), and a possible negative correlation between Re, [CII]/Re, UV and EWLyα, which may be in line with the scenario that atomic gas component largely contributes to the extended [C II] line emission. Future three-dimensional analysis of Lyα and Hα lines will shed light on the association of the extended [C II] line emission with atomic gas and outflows.
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1. Introduction
Understanding the interplay between gas, dust, and stars in galaxies in the early Universe is one of the biggest topics in modern extragalactic astronomy. In particular, the cold interstellar medium (ISM), which can be interpreted as a direct fuel for forming stars, is essential as it becomes the dominant contributor to the baryonic mass toward high redshift (Tacconi et al. 2020). In this context, far-infrared (FIR) fine-structure lines have been known as an effective probe for star formation and the ISM of galaxies.
The [C II] 2P3/2−2P1/2 fine-structure line emission (νrest = 1900.537 GHz, hereafter [C II] line), emitted from ionized carbon (C+), is one of the main coolants of the ISM among the FIR emission lines and has been the most popular tracer with which to study the cool gas component in high-redshift galaxies (z ≳ 4; Carilli & Walter 2013), as its redshifted millimeter wavelength is accessible through the atmospheric windows. Ionized carbon is excited by photoelectric heating of gas, whereby electrons are emitted from small dust grains or polycyclic aromatic hydrocarbons (PAHs) that absorb far-ultraviolet (FUV) photons from star-forming regions. Therefore, it has been suggested that [C II] line emission can be used as a good tracer of photodissociation regions (PDRs; Hollenbach & Tielens 1999; Wolfire et al. 2022), as well as a star formation rate (SFR) indicator from nearby star-forming galaxies (SFGs; e.g., Stacey et al. 1991; Pineda et al. 2014; Kapala et al. 2015; De Looze et al. 2014; Herrera-Camus et al. 2015; Lapham et al. 2017; Bigiel et al. 2020; but see Díaz-Santos et al. 2013 for starburst galaxies) to high-redshift galaxies (e.g., Vallini et al. 2015; Carniani et al. 2018; Schaerer et al. 2020; Liang et al. 2024). At the same time, [C II] line emission is also used as a tracer of molecular gas (e.g., Madden et al. 1997; Langer et al. 2014; Zanella et al. 2018; Dessauges-Zavadsky et al. 2020; Madden et al. 2020; Vizgan et al. 2022a; Aravena et al. 2024) and atomic gas (e.g., Heintz et al. 2021, 2022; Vizgan et al. 2022b), which may be compatible with the SFR tracer if the Kennicutt-Schmidt relation (Kennicutt 1998) holds. However, it has been known that the [C II] line emission can originate from multiple phases of ISM beyond PDRs, such as ionized gas, making the interpretation of [C II] line emission less straightforward. With these potential capabilities, a large number of recent studies focusing on ISM conditions in high-redshift galaxies (z ≳ 4) rely on observations of [C II] line emission, thanks to the capability of the Atacama Large Millimeter/submillimeter Array (ALMA) and the Northern Extended Millimeter Array (NOEMA) interferometer.
If the majority of [C II] line emission indeed originates from PDRs, one would expect its spatial extent in galaxies to also trace the region where active star formation takes place, which is bright in rest-frame ultraviolet (UV) continuum emission from young stellar populations. In contrast to this expectation, one remarkable feature of the [C II] line emission in high-redshift galaxies is that they are more spatially extended than what is observable through optical/near-infrared wavelengths.
Several studies have reported comparisons of spatial extent between [C II] line emission and the rest-frame UV continuum observed by the Hubble Space Telescope (HST) for galaxies at z > 4, both for individual galaxies (e.g., Carniani et al. 2018; Fujimoto et al. 2020) and for stacked images (e.g., Fudamoto et al. 2022), providing the general picture that at high redshift the [C II] sizes are larger than the UV sizes by a factor of more than two. Furthermore, Fujimoto et al. (2019) report the detection of a 10 kpc scale “[C II] halo” with a beam-convolved radius of 10 kpc (Re, [CII] = 5.6 ± 0.1 kpc), which can be characterized by a two-component structure in the radial profile, by stacking 18 SFGs at z = 5 − 7. With the detection of 75 [C II] line emission from the ALPINE Survey (Le Fèvre et al. 2020; Béthermin et al. 2020; Faisst et al. 2020), Ginolfi et al. (2020b) found evidence of the “[C II] halo” through the stacking analysis and the broad spectral feature for a subsample of galaxies with higher SFRs, indicative of ongoing star-formation-driven outflows. Although a visual classification based on morphology and kinematics was conducted (Le Fèvre et al. 2020), the studies referred to above cannot rule out the possibility that [C II] line emission from close pairs or mergers is blended due to low spatial resolution (∼1″).
A handful of studies have also compared [C II] line emission with the underlying FIR continuum emitted from dust grains heated by star formation or active galactic nuclei (AGNs; e.g., Gullberg et al. 2018; Venemans et al. 2020; Díaz-Santos et al. 2021; Izumi et al. 2021a,b; Umehata et al. 2021; Pozzi et al. 2024; Bischetti et al. 2024; Wang et al. 2024), although these sources tend to be biased toward submillimeter galaxies or quasars due to their brightness in the FIR continuum. These studies show that the [C II] line emission is comparable to or more extended than the FIR continuum emission, but the differences are not as significant as those for the rest-frame UV emission. Through the stacking analysis of 27 quasars at z ≳ 6, Novak et al. (2020) found a comparable spatial extent between [C II] line and FIR continuum emission extending up to ∼10 kpc with no sign of broad line wings in stacked [C II] line spectra.
Extended [C II] line emission beyond the rest-frame UV and/or FIR continua directly implies the presence of metal-enriched gas up to a circumgalactic medium (CGM) scale even in the early Universe, and has been a matter of debate in recent years, given that cosmological zoom-in simulations could not reproduce such extended [C II] line emission (Fujimoto et al. 2019; Arata et al. 2020). Multiple scenarios have been proposed, such as satellite galaxies, extended star formation activity, cold streams, and outflows. Recent semi-analytical models support that the two-component halo structure in [C II] line emission can be explained by cold outflows (Pizzati et al. 2020, 2023), but none of the above scenarios are observationally conclusive yet. There are two reasons why it is difficult to elucidate the origin of such extended [C II] line emission. First, [C II] line emission can originate from multiple gas phases (ionized or neutral, atomic or molecular, PDR or H II regions, and shocked gas); thus, integrated [C II] line emission is likely to trace a mixture of them. Second, previous [C II] line observations were mostly performed with a spatial resolution of ∼1″ (∼6 kpc in a physical scale at z = 5), hampering the measurements of accurate sizes and the study of morphology below this scale.
Therefore, to narrow down the origin of [C II] line emission at high redshift, it is necessary to study galaxies at high resolution and compare them with other tracers. In fact, several studies have attempted to follow up the [C II] line at high resolution with improved sensitivity, and have demonstrated that ALMA is capable of characterizing the [C II] line in typical SFGs at z = 4 − 7 down to a kiloparsec scale (Herrera-Camus et al. 2021; Akins et al. 2022; Lambert et al. 2023; Posses et al. 2023). Spatially resolved studies of [C II] line emission have recently been reported for two systems (Solimano et al. 2024; Posses et al. 2024) as a part of the [C II] Resolved ISM in STar-forming galaxies with ALma (CRISTAL) Survey (Herrera-Camus et al. in prep.)1. Solimano et al. (2024) discovered an elongated [C II] line feature associated with the J1000+0234 system, composed of a dusty star-forming galaxy and a Lyman-break galaxy (CRISTAL-01a), while several scenarios (e.g., a conical outflow, a cold accretion stream) are possible for its origin. Posses et al. (2024) analyzed CRISTAL-05, which was previously claimed as a “[C II] halo” (Fujimoto et al. 2020), and found a complex kinematical structure, implying that CRISTAL-05 is likely to be a merging system. Both studies exemplify the diverse characteristics of [C II] line emission after the Epoch of Reionization and the necessity of high-resolution ALMA observations to understand their intrinsic morphology and structure. Nonetheless, each study stated above remains a case study, and it is difficult to draw general conclusions even by compiling these samples. A systemic census of deep and high-resolution [C II] line observations with a larger and homogeneous sample is needed to provide a more general picture.
In this paper, we report on the size measurement and search for an extended halo component of the [C II] line emission in SFGs at z = 4 − 6. To analyze pure signals obtained from the interferometer without any processes of Fourier transform – that is, synthesis imaging – we focus on the analysis of interferometric visibility data throughout this paper. We first describe the CRISTAL Survey, the galaxy sample, and the archival data that we used in this study in Section 2. Section 3 presents the analysis of visibility modeling, including the classification based on multiplicity in either [C II] line or rest-frame UV emission. We report the main results and discussions on the extended [C II] line emission and correlation with other galaxy properties in Section 4 and summarize this study in Section 5.
Throughout this paper, we assume a standard ΛCDM cosmology with H0 = 70 km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7. We refer to the term “[C II] halo” as a secondary structure which is more extended than the primary [C II] line emission in the central regions. We use the notation of Re, X as a circularized effective radius of a tracer X, a product of the major-axis effective radius and a square root of the minor-to-major axis ratio (denotated as q), unless otherwise noted.
2. Data
2.1. The CRISTAL Survey
In this study, we use the data taken from the CRISTAL Survey, an ALMA Cycle 8 Large Program (Project ID: #2021.1.00280.L, PI: R. Herrera-Camus). The observations were carried out during ALMA Cycle 8 and 9, and were completed in April 2023. The primary aim of the survey is to spatially resolve both [C II] line and FIR continuum emission on ∼1 kpc scales with ALMA Band 7 observations for 19 star-forming main sequence galaxies at z = 4 − 6. The targets were drawn from the ALPINE Survey (Le Fèvre et al. 2020). Targets were mass-selected with the selection of log(M⋆/M⊙)≥9.5 and were also required to have observations in the HST/Wide Field Camera 3 (WFC3) F160W filter. These HST images were primarily obtained through observations of the CANDELS Survey (Grogin et al. 2011) as well as the COSMOS-DASH Survey (Momcheva et al. 2017; see more details in Faisst et al. 2020 and Herrera-Camus et al. in prep). Here, we summarize aspects of the ALMA observations that are relevant to the analysis of this study.
The combination of multi-configuration observations is essential to achieve both sufficiently large maximum recoverable scale (MRS) and high spatial resolution. Therefore, each target was observed using multiple configurations of the ALMA 12 m array, one with compact (C43-1/2/3) and another with extended (C43-4/5/6) array configuration. The former covers low spatial frequencies (uv distance ≲ 150 – 300 kλ)2 in the visibility plane that are sensitive to large-scale structure ([image: equation] – [image: equation] – [image: equation]), while the latter covers high spatial frequencies (uv distance ≳ 350 – 1500 kλ, depending on the target) that are sensitive to small-scale structure ([image: equation] – [image: equation] – [image: equation]).
We used the ALMA correlators of the 1.875 GHz width spectral windows (SPWs) with the frequency division mode (FDM). The observing [C II] frequency for each object was adjusted in the middle of two adjacent SPWs in the upper sideband unless the [C II] line emission was not detected in the ALPINE Survey (Béthermin et al. 2020).
2.2. ALMA archive
2.2.1. The ALPINE Survey
To search for faint extended emission, deep integration in the more compact array configuration, covering short spatial frequencies, is particularly important. Therefore, we combined the data from the ALPINE Survey (#2017.1.00428.L) with the CRISTAL data to achieve better sensitivity to the extended structure.
Contrary to the CRISTAL Survey, the ALPINE Survey adopts the Time Division Mode for the SPW setup, in which the edges of 2 GHz bandwidth are severely affected by low power. We find that in three sources the [C II] lines spread across the two adjacent SPWs with insufficient overlapping frequencies (CRISTAL-06, CRISTAL-08, and CRISTAL-23c), and therefore for these fields we decided not to combine the ALPINE data in our analysis. Also, we did not include the ALPINE data of CRISTAL-07c, a serendipitously detected galaxy at z = 5.16, as it is located at the edge of the Band-7 field of view (FoV) with the primary beam gain level of ∼0.3, while in the CRISTAL Survey, the FoV is adjusted to have comparable sensitivity in both CRISTAL-07a/07b and CRISTAL-07c.
2.2.2. The CRISTAL+ Sample
In addition to the main targets of the CRISTAL survey, there exist several programs that used ALMA to observe [C II] line emission with similar resolutions and sensitivities. This includes six galaxies: HZ4, HZ7, HZ10, DEIMOS_COSMOS_818760, DEIMOS_COSMOS_873756, and vuds_cosmos_8326. We have included these archival data as the supplementary sample of the CRISTAL Survey and hereafter refer to these six targets as CRISTAL-20 to CRISTAL-25 (Herrera-Camus et al. in prep.). The [C II] line emission of the first three was initially reported by Capak et al. (2015) and followed up by individual projects for high-resolution data (#2018.1.01605.S; Herrera-Camus et al. 2021, #2018.1.01359.S; Lambert et al. 2023, #2019.1.01075.S; Villanueva et al. 2024 and Telikova et al. 2024). CRISTAL-20 was also observed in the ALPINE Survey as DEIMOS_COSMOS_494057. The latter three are the three brightest objects in [C II] line emission among the sample of the ALPINE Survey (Béthermin et al. 2020) and followed up at higher resolution under the ALMA Cycle 7 program (#2019.1.00226.S; Devereaux et al. 2024). We combine the data taken by the ALPINE Survey with these follow-up observations, similar to the CRISTAL main targets.
In summary, the data set of this study comprises 24 ALMA Band-7 fields, containing 35 main-sequence SFGs and two dusty star-forming galaxies (DSFGs) detected in [C II] line at z = 4 − 6. We excluded CRISTAL-18 from the analysis because we do not detect [C II] line emission from this source. We present the list of our sample cross-matched to the other names presented in previous studies in Table A.1.
[3]However, we note that a synthesized dirty beam created using multiple array configurations frequently deviates from a single Gaussian profile and exhibits an elongated feature toward larger scales. Thus, we caution the reader that most of the dirty images presented in this paper are convolved with a point spread function (PSF) elongated than a single Gaussian.
3. Analysis
3.1. Classification based on multiplicity
By virtue of a kiloparsec-scale resolution in [C II] line emission and ancillary multi-wavelength data of our sample, we can compare the spatial extent between [C II] line and UV continuum emission including complex systems such as interacting galaxies. One possible origin of extended [C II] line emission is the presence of tidal features or gas removal caused by mergers (Solimano et al. 2024; Posses et al. 2024). Therefore, we first classified the sample based on whether each galaxy is likely to be physically associated with other galaxies. Mitsuhashi et al. (2024) classified the CRISTAL sample into single and multiple sources solely based on the multiplicity in HST/WFC3 F160W images. In this study, we take a step forward to add information from the [C II] line distribution to visually classify the CRISTAL sample into four categories:

	
(a) 
single – an isolated galaxy with a single component of the [C II] line emission. We classify 17 sources (∼50%) of the CRISTAL sample as single.



	
(b) 
pair – a pair of [C II] line detections with a projected angular separation of less than ∼3 arcsec. The velocity offset among the pair is confirmed to be small (< 300 km/s) so that there is an overlap of [C II] line frequencies. We classify nine sources (∼30%) as pair.



	
(c) 
multiple-UV – a system comprising of multiple compact blobs in the UV continuum with overlapping extended [C II] line emission. Such systems are likely to be complex merging systems instead of unevenly dust-obscured systems, since their FIR continuum emission is either faint (S/N < 5) or entirely overlapping the UV blobs (Mitsuhashi et al. 2024). The difference from the pair systems is that the [C II] line emission cannot be resolved into each UV counterpart with the existing data. We classified five sources (CRISTAL-01a, CRISTAL-01b, CRISTAL-02, CRISTAL-10, and CRISTAL-13) into this category.



	
(d) 
multiple-[C II] – a system in which multiple peaks in [C II] line emission can be found around a single UV component. Only CRISTAL-06a exhibits this feature.




Figure 1 summarizes our classification, showcasing examples of the [C II] line and rest-frame UV distributions for each class. We note, however, that this is still a crude classification, as we do not consider the dynamical state of each galaxy obtained from kinematical analysis. For example, we classify CRISTAL-05 as single from its appearance. A detailed kinematical analysis of the [C II] line revealed that it is actually a complex galaxy pair projected along the line of sight (Posses et al. 2024).
	[image: thumbnail]	Fig. 1. Classification of the galaxies based on a multiplicity of [C II] line (with contours) and rest-frame UV (background, HST/WFC3 F160W) emission. A 5″ × 5″ region is shown in each panel. The contours start at 2σ and increase in steps of 3σ until 20σ. The Gaussian FWHM fit from the synthesized dirty beam is shown as a white ellipse in the lower-left corner of each panel3. Two arrows shown in a panel of multiple-[C II] (CRISTAL-06a) correspond to two [C II] line components (denoted as ‘W’ and ‘E’) that are visually identified.



We also find that three galaxies (CRISTAL-11, CRISTAL-15, and CRISTAL-17) classified as single have pair-like morphology when looked with sharper images taken by James Webb Space Telescope (JWST; Lines et al. 2024). However, the resolution of the [C II] line emission is coarser than the separation of two clumps identified by JWST, and thus it would be difficult to characterize their sizes and perform the one-to-one comparison. We thus decide to rely on the classification based on rest-frame UV morphology primarily due to the data homogeneity, and we note that the discussions and conclusions we present in the following would not significantly be affected by the choice of our classification, because the sizes of the continuum emission are not constrained for two out of these three galaxies (Table B.2).
3.2. Size measurements
3.2.1. [C II] line emission
The data from the CRISTAL Survey with a kiloparsec-scale resolution allows us to robustly quantify the sizes of [C II] line emission. While the majority of the sample has a sufficient signal-to-noise ratio (S/N) to perform size measurements in the image domain, several sources have a moderate S/N of 5 ≲ S/N ≲ 10. In such cases, the measured sizes in the image domain could be overestimated, because either the best-fit model takes noise into account, or the smearing effect of the clean beam affects the fittings (Tadaki et al. 2020; Mitsuhashi et al. 2024). In addition, the images created through the CLEAN algorithm may overestimate the flux densities outside the CLEAN masks due to the deviation of the synthesized dirty beam from a single Gaussian. To avoid these issues, we consistently perform our [C II] size measurements by modeling interferometric visibility data. The visibility analysis is also favorable assessing faint extended features in [C II] line emission, as the imaging procedure requires several parameters to be considered (e.g., weighting of visibility data, threshold, size of the masked region for the CLEAN algorithm) and therefore complicates the optimization of the best parameter sets (Jones et al. 2023).
As a first step of the [C II] size measurements, we define the velocity range (Δv) of [C II] line emission. To perform a quantitatively fair comparison of [C II] sizes among our sample in terms of velocity width range, we took the following steps to define the line width of the [C II] line emission and create a form of visibility data optimized for size measurements: (1) extract spectrum with a 1-arcsec aperture from the data cube (20 km/s width per channel). Here, we used the data cube of the [C II] line emission, produced by the CASA/tclean task (CASA Team 2022). The tclean task was performed with auto-multithresh algorithm and cleaned down to 1σ (Herrera-Camus et al. in prep). We adopted the robust parameter of either Briggs (R = 0.5) or Natural (R = 2.0) weighting that creates the synthesized beam size of [image: equation] – [image: equation], (2) fit the extracted spectrum with a single Gaussian f(ν)∝exp[(ν − ν0)2/2σ2] using the curve_fit function within the scipy package (Virtanen et al. 2020). From the best-fit Gaussian function, we adopted the spectral range that contains 95% (= [2.5%, 97.5%]) of the total [C II] line flux, corresponding to 4σ (±2σ from the central frequency ν0) width of Gaussian (≈1.7 Gaussian FWHM). We show a spectrum of CRISTAL-03 as an example in Figure 2. The ±2σ velocity range includes almost all of the [C II] line emission, which assures that the [C II] size measurements will be performed by fitting the representative velocity range of the emission. (3) Finally, we created a visibility measurement set that contains only information on the spectral range calculated above. Here, we used the visibility data where the FIR continuum emission was subtracted by using CASA/uvcontsub task. The fitting of continuum slope was performed in the spectral range avoiding the [C II] frequency of each object. We then binned the visibilities into a single channel by specifying nchan = 1 in the CASA/mstransform task. As an exceptional case, we fit the [C II] spectrum of CRISTAL-22a, which shows a clear double-peaked line profile, with a double Gaussian. This exceptionally broad and complex [C II] spectrum of CRISTAL-22a is likely due to a combination of merger and complex kinematical structure of the central component of CRISTAL-22a, which are verified from both [O III] 5007Å line emission map (Jones et al. 2024) and detailed kinematical analysis of the [C II] line emission (Telikova et al. 2024).
	[image: thumbnail]	Fig. 2. [C II] line spectrum of CRISTAL-03 extracted from a 1-arcsec aperture. The best-fit Gaussian is shown as a solid red curve. We bin the frequency range of the filled region for the [C II] size measurements, which corresponds to ±2σ from the central frequency.



We used the UVMULTIFIT (Martí-Vidal et al. 2014) to model the visibilities of the [C II] line emission in the CRISTAL sample. The UVMULTIFIT implements simultaneous fitting of multiple components, which is useful for characterizing pair galaxies. We assumed a two-dimensional (2-D) exponential disk model (n = 1) for all of the [C II] components and first allow six parameters (RA, Dec, total flux density, major-axis FWHM, minor-to-major axis ratio, and position angle of major axis) free. Some of the fittings fail to converge when the peak S/N of the [C II] line emission is not high enough (typically S/N < 8). In this case, we fixed the projected minor-to-major axis ratio to unity.
The fit components were determined based on the classification described in Section 3.1. For single and multiple-UV classes, we adopt one-component modeling, and otherwise, we adopt two-component modeling. We show the images of the visibility data, the best-fit model, and the residual in Figure 3 for four systems that we showed in Figure 1. We show the rest of the sample in Figures A.1 and A.2. As can be seen in Figure 3, the best-fit model characterizes the observed [C II] line emission well and no signal greater than 2σ significance level is present in the central 2″-region, securing the validity of the fitting. Our analysis yielded structural parameters of a total number of 34 [C II] line components, including J1000+0234 (Capak et al. 2008), a massive submillimeter galaxy (S870 μm = 8.03 mJy; Solimano et al. 2024) located in the proximity to CRISTAL-01a.
	[image: thumbnail]	Fig. 3. Visualization of the visibility modeling of the [C II] line emission (white contours) in four systems that we showed in Figure 1. The left panel shows the dirty image of a single cube used for the visibility modeling (Section 3.2). The Gaussian FWHM fit from the dirty beam is shown as a white ellipse in the lower-left corner. The middle and right panel show the best-fit exponential disk model and the residual created by subtracting the model from the data, respectively. The contours start at 2σ and increase in steps of 3σ until 20σ. The residual maps do not show any peaks above the 2σ level around the rest-frame UV counterpart, which indicates that the observed emission is characterized by the best-fit model well. The rest of the sample is shown in Figure A.1 and A.2.



Finally, we convert the fitting outputs of the total flux density and major-axis FWHM into the total [C II] luminosity (L[CII]) and the effective radius (Re, [CII]), respectively. For a 2-D exponential disk model, the major axis FWHM and major axis effective radius can be related as Re, major = 1.21 × FWHM, therefore we obtained a circularized effective radius by calculating [image: equation], where q is the minor-to-major axis ratio. We estimate the uncertainty by using error propagation. For the uncertainty of each parameter (FWHM and q), we adopt the output from the UVMULTIFIT, which is estimated from the post-fit covariance matrix (Martí-Vidal et al. 2014). We summarize our fitting results in Table B.1. We calculate an average value and standard deviation of the [C II] sizes of ⟨Re, [CII]⟩ = 1.90 ± 0.77 kpc. To fairly compare with the fitting results from the low-resolution archival data alone, we iterate the above procedure by only using the data taken in the ALPINE Survey. We present the results and discussion in Appendix C. In brief, we find a good agreement between two measurements for the [C II] fluxes and sizes (Re, [CII] ≳ 1 kpc). On the other hand, we find that the axis ratios tend to be poorly constrained when only the ALPINE data is used.
In Figure 4, we show a [C II] luminosity-size relation of the CRISTAL sample. To see the dependence of multiplicity, symbols are distinguished based on the classification presented in Section 3.1. Although we expect to find larger [C II] sizes in pair and multiple-UV systems compared to single systems, we were unable to statistically distinguish their size distributions by performing the Kolmogorov-Smirnov test (with p values of 0.23 and 0.12 for the pair and multiple-UV, respectively), largely due to our limited sample size. Overall, Figure 4 showcases the diversity of [C II] sizes at fixed [C II] luminosity, and we find that low-resolution data used in previous studies were unable to measure relatively compact sizes (Re, [CII] ≲ 1 kpc).
	[image: thumbnail]	Fig. 4. [C II] luminosity-size relation of the CRISTAL sample. Symbols are based on the classification defined in Section 3.1. Each component of the pair/multiple-[C II] systems are shown separately. The right panel shows the histogram of [C II] sizes among categories with matched colors. We omit a histogram of multiple-[C II] because of the small sample size (N = 2). A histogram with a solid black line shows the size distribution of the entire CRISTAL sample. The [C II] sizes show the diversity at fixed [C II] luminosity, in which relatively compact sizes (Re, [CII] ≲ 1 kpc) were challenging to be measured in the previous low-resolution data.



3.2.2. Rest-frame UV and FIR continuum emission
To evaluate the spatial extent of [C II] line emission, we refer to two continuum size measurements (observing wavelengths of 1.6 μm and 870 μm), which were both performed in Mitsuhashi et al. (2024). The rest-frame UV sizes (Re, UV) are measured with GALFIT (Peng et al. 2002) using the HST/WFC3 F160W images. A single Sérsic model with an index of n = 1 is assumed (except for CRISTAL-13), and nearby objects seen in the HST images are masked by using SExtractor (Bertin & Arnouts 1996). The rest-frame FIR sizes (Re, FIR) are measured from the ALMA Band-7 continuum visibilities with the same method using UVMULTIFIT described in Section 3.2.1.
Mitsuhashi et al. (2024) classify the CRISTAL galaxies into either single or multiple systems based on the multiplicity in the HST/WFC3 F160W images. The multiple systems correspond to either pair, multiple-UV, or multiple-[C II] classified in Section 3.1 of this study. Unlike [C II] line emission, all of the FIR continuum emission was fit in a single exponential disk component due to the lower S/N detection compared to the [C II] line emission. While this hampers the fair comparison between FIR and [C II] line sizes for multiple-UV, or multiple-[C II] systems, we find that the FIR continuum is detected in either one of the pair systems (e.g., CRISTAL-04a, CRISTAL-07a), and hence we adopt the FIR sizes of these galaxies in this study.
4. Results and discussion
4.1. Size comparison
We start by comparing the measured effective radii among different tracers (rest-frame UV and FIR continua) to characterize the spatial extent of the [C II] line emission in the context of star formation activity. In Table B.2, we list the sizes and size ratios discussed below.
The left panel of Figure 5 shows a comparison between the [C II] line and rest-frame UV continuum radii. From Figure 5 (left), we find that the [C II] line emission is systematically more extended than the rest-frame UV emission, which is well consistent with the previous findings (Carniani et al. 2018; Fujimoto et al. 2020; Fudamoto et al. 2022). The size ratio (Re, [CII]/Re, UV) ranges from 0.94 (CRISTAL-16) to 5.03 (CRISTAL-20) with the average value and standard deviation of ⟨Re, [CII]/Re, UV⟩ = 2.90 ± 1.40. We note that the median (average) positional offset between the [C II] line and rest-frame UV continuum emission is 0.11 (0.14) arcsec (∼0.5 kpc in a physical scale), which is smaller than the typical synthesized beam size of the CRISTAL data. We interpret this as them having consistent peak positions.
	[image: thumbnail]	Fig. 5. Comparisons of the effective radii of the [C II] line and the continuum emission. (Left) Effective radius of [C II] line emission compared to the rest-frame UV continuum emission (HST/WFC3 F160W). Symbols are the same as in Figure 4. The dashed black line indicates the one-to-one relation between Re, [CII] and Re, UV, and three dashed gray lines above this line represent Re, [CII]/Re, UV = 2,  4,  8. (Right) Same as the left panel, but [C II] line radius is compared to the rest-frame FIR emission, measured from the ALMA Band-7 continuum images (Mitsuhashi et al. 2024). On average, the [C II] sizes are larger than the rest-frame UV sizes by a factor of 2.90; compared to the rest-frame FIR sizes, they tend to be larger by a factor of 1.54 although with large uncertainties.



We exclude multiple-UV and multiple-[C II] systems in this diagram, because each [C II] line or UV component may arise from multiple galaxies for these classes, making the interpretation difficult. Among the multiple-UV systems, the central UV component in CRISTAL-01a and CRISTAL-01b was successfully modeled by GALFIT, whereas the remaining multiple-UV systems failed to converge due to contamination from nearby UV sources. We determine [C II]-to-UV size ratios of 3.0 and 3.8 for CRISTAL-01a and CRISTAL-01b, respectively, which are both slightly larger than the average value. Bowler et al. (2017) report larger UV sizes in bright UV galaxies with clumpy structures (MUV ≲ −21.5 mag), suggesting a similar effect may influence the [C II] line emission in these multiple-UV systems (Figure A.1).
In the right panel of Figure 5, we show the size comparison between the [C II] line and FIR continuum emission. The latter was measured in visibility modeling with a circular exponential disk model (Mitsuhashi et al. 2024; Section 3.2.2). The best-fit central positions of the [C II] line and FIR continuum emission are in good agreement, with the median (average) offset of 0.09 (0.12) arcsec, again smaller than the beam size of the CRISTAL data. Similarly to the comparison with the UV continuum emission, we find that the [C II] line emission is comparable to, or more extended than the FIR continuum emission. One galaxy that is well below the one-to-one line is CRISTAL-21, which has an unreliable FIR size measurement due to the insufficient S/N of the visibility data, particularly at short uv distances. Therefore, hereafter, we do not include the results of CRISTAL-21 when the FIR radius is related to the discussions. We calculate the average size ratio and standard deviation of ⟨Re, [CII]/Re, FIR⟩ = 1.54 ± 0.63. Within the uncertainty, this size ratio suggests that the [C II] line radius is consistent with the FIR continuum radius. In fact, we find that two-thirds of the sample (eight out of 12) shown in Figure 5 have comparable FIR continuum radius with [C II] line radius (Re, [CII]/Re, FIR < 1.5).
Three recent studies have independently reported similar results. Romano et al. (2024) performed a stacking analysis of [C II] line, FIR continuum (160 μm), and near-UV (NUV; 2300 Å) continuum emission in local dwarf galaxies considered as analogs of high-redshift galaxies. They discovered that the [C II] line and FIR emission is more extended than the NUV emission. The single Sérsic fittings of [C II] line and FIR continuum show an excellent agreement in effective radius with a Gaussian-like profile (Sérsic index n ∼ 0.5). Pozzi et al. (2024) reported the same comparison for four galaxies drawn from the ALPINE Survey resulting in a median (average) size ratio of Re, [CII]/Re, FIR = 1.29 ± 0.14 (1.24 ± 0.19), which is slightly smaller than our measurements. Two out of four galaxies are CRISTAL-24 and CRISTAL-25, and we confirm that the measurements are consistent with ours within uncertainties. Given that both the average size ratio and its standard deviation derived from the CRISTAL sample are larger than the values reported by Pozzi et al. (2024), we are probing more diverse populations in terms of spatial relation between [C II] line and FIR continuum emission, likely due to the improved spatial resolution and sensitivity of the CRISTAL data. Finally, Díaz-Santos et al. (2021) reported an average size ratio of ⟨Re, [CII]/Re, FIR⟩ = 1.61 ± 0.10 for four dust-obscured quasars at z ≃ 3.0 − 4.6, which are a few orders of magnitude brighter in the IR luminosity compared to our sample (see also Venemans et al. 2020). All these studies imply that the range of [C II]-to-FIR size ratios at high redshift is relatively narrow (1 ≲ Re, [CII]/Re, FIR ≲ 2), compared to that of [C II]-to-UV size ratios which can be affected by dust obscuration.
One possible origin of extended [C II] line emission is ongoing merging activity. When diffuse carbon-rich gas is morphologically disturbed, or taken away from the stellar component, the [C II] line emission can become more extended compared to the rest-frame UV continuum. Such a phenomenon has been exemplified in the case of vuds_cosmos_5101209780 (Ginolfi et al. 2020a) and CRISTAL-05 (Posses et al. 2024) as well as a larger sample of merging galaxies in the ALPINE sample (Di Cesare et al. 2024). Ginolfi et al. (2020a) and Di Cesare et al. (2024) report that ∼25–50% of the total [C II] line emission is coming from a diffuse gas envelope. The fraction of [C II] line emission originating from the envelope is defined by subtracting the [C II] line flux of the “‘galaxy”’ component from the total [C II] line flux, characterized by spectra extracted from regions above 1σ or 2σ significance level in the moment-0 maps. These studies highlight the impact of early metal-enrichment at large radii, though the definition depends on the sensitivity of the observations. In particular, extended line flux with low S/N may not be CLEANed if the stopping threshold of tclean is higher than this flux, potentially leading to an overestimation of the extended and diffuse flux. For galaxies classified as single, we derive ⟨Re, [CII]/Re, UV⟩ = 3.21 ± 1.42 and ⟨Re, [CII]/Re, FIR⟩ = 1.62 ± 0.69, while for pair systems we find ⟨Re, [CII]/Re, UV⟩ = 2.38 ± 1.22 and ⟨Re, [CII]/Re, FIR⟩ = 1.36 ± 0.45. Given the large uncertainties of these size ratios, we refrain from claiming an ongoing physical effect from galaxy interactions. Thus, we tentatively conclude that we do not find differences in size ratios between isolated galaxies classified as single and mergers classified as pair systems.
Since there is a tight correlation between [C II] luminosity and SFR, [C II] line emission has been used as an indicator of star formation activity. However, the size differences between [C II] line and continuum (rest-frame UV and FIR) emission suggests that the [C II] line emission is not completely spatially coupled to star formation activity, which might be at odds with studies of nearby galaxies (Pineda et al. 2014; Kapala et al. 2015; Herrera-Camus et al. 2015). Given the average size ratios of 2.9 and 1.5, we infer that the [C II] line emission is approximately two times more extended than the star formation activity traced by continuum emission. We shall further discuss this point in Section 4.3.
4.2. Constituent of [C II] line emission
In this section, we assess whether [C II] line emission in the SFGs has a halo structure as a secondary component. If such a halo structure is confirmed, the physical origin would be different from the central [C II] component associated with star-forming ISM (e.g., star-formation-driven outflow, cold stream). Therefore, the identification of [C II] halo gives us an important insight into the origin of the extended [C II] line emission.
Because [C II] halo is expected to have low-surface density at large radii, most of the previous studies needed to rely on the stacking analysis to confirm such structure (Fujimoto et al. 2019; Ginolfi et al. 2020b; Novak et al. 2020). To date, the only case in an individual [C II] halo has been confirmed as an extended secondary component structure is A1689-zD1, a strongly lensed galaxy at z = 7.13 (Akins et al. 2022). As observations of the CRISTAL Survey are deeper than the previous observations, we can now assess whether such structure can be confirmed individually. To eliminate the possibility that [C II] line emission from satellite galaxies contaminates the halo component, we focus on 16 single galaxies, which we classified in Section 3.1. We do not include CRISTAL-23c since the galaxy might be in a phase of triple-merger (Jones et al. 2020).
Figure 6 visualizes the data, best-fit model, and residual as a form of visibility data for 16 single objects that we created in Section 3.2. The average velocity range of 16 single galaxies is 485.0 km/s. The data is extracted by the getdata function of a casatool ms. In Figure 6, average values and standard deviations of the real part of visibility data per 100 kλ bin are shown. The residual data is created by subtracting the best-fit model from the data. For all galaxies, the data and the best-fit model show a good agreement, and we do not find an excess at the residual data in the shortest uv distance bin (∼50 kλ). This indicates that the visibility profile can be well fit by an exponential disk model and an extended secondary component is not necessary to explain the data.
	[image: thumbnail]	Fig. 6. Flux density in the form of the real part of the visibility, as a function of uv distances along the minor axis. Each data point represents the mean value per 100 kλ bin. The galaxies that were fit in a circular exponential disk model are marked in an asterisk. The uncertainties represent the standard deviation. Both the data (circle) and the residual (diamond) visibilities are shown. The residuals are created by subtracting the best-fit model (solid black line) from the data.



To further confirm this, we stack the visibility data of 16 single galaxies and again perform the visibility modeling in the same manner. We perform both single component and double component fittings. The result of the single component fitting is shown in the left panel of Figure 7. As well as the visibility data of the individual galaxies, the stacked visibility data is fit well by a single exponential disk profile. The model is characterized by an effective radius of Re, [CII] = 1.97 ± 0.10 kpc, assuming an average redshift of z = 5.22, which is consistent with the average radius (⟨Re, [CII]⟩ = 1.90 kpc) of the entire CRISTAL galaxies. At the smallest 20 kλ bin of the residual visibility, we find a flux excess of 0.15 mJy (1.2σ significance level). The result of the double component fitting is shown in the right panel of Figure 7. Here, we assume two concentric exponential disk components. The brighter component (1.68 ± 0.23 mJy; hereafter “galaxy” component) has a radius of Re, gal = 1.91 ± 0.20 kpc, which is similar to the best-fit single component. The other component (0.16 ± 0.27 mJy; hereafter “halo” component) has an extended radius of Re, halo = 9.17 ± 28.2 kpc. Since the fittings converge to the same reduced χ2 value, we cannot statistically favor either the single or double component model. However, the existence of an extended, diffuse component remains uncertain due to its faintness and large uncertainties. The flux of the “halo” component constitutes 8.7 ± 13.4% of the total flux, and this is smaller than what has been suggested in previous [C II] line observations (e.g., ∼30% for A1689-zD1 reported in Akins et al. 2022, but see Jones et al. 2023 for faint gaseous halo detected in CO J = 3 − 2 line emission). The flux becomes negative within the range of the uncertainty, and the standard deviation of ±0.13 mJy at the smallest 20 kλ bin gives the detection of 1.2σ level, which both point out that the detection is not significant. As we have identified various axis ratios (q = 0.31 − 0.90) in our sample (Table B.1), it is possible that the extended [C II] line emission along the major axis is diluted by the stacking and create the “halo” component artificially.
	[image: thumbnail]	Fig. 7. Real part of the stacked visibility (circles) and the residual visibility (diamonds) as a function of uv distances for single component (left) and double component (“galaxy” + “halo”; right) fittings. Average values of two types of binning (20 kλ and 100 kλ) are shown. Uncertainties represent a standard deviation of binned visibility data. The best-fit models are shown as a solid black line (total) and solid purple lines (each component). The flux and effective radius of the best-fit models are summarized at the upper right corners. At the smallest 20 kλ bin, the residual show an excess at 1.2σ and 0.7σ significance levels, which corresponds to 8.8% and 5.5% of the total flux density for single and double component fittings, respectively.



Alternatively, we now focus on the stacked residual of the visibility data where the main disk component obtained from a single exponential disk fitting is subtracted. Figure 8 shows the stacked residual visibility as a function of uv-distances. In order to avoid the stacked visibility data being skewed by the bright objects in which the amplitude of residual visibility is also bright, we normalize the residual visibility by the total [C II] flux obtained from the best-fit model before the stacking. We show the average values per both 20 kλ and 100 kλ bins, but no clear excess can be found in either case. By adopting standard deviations of visibility data within each bin as uncertainties, the small deviations from the horizontal axis at shorter-uv distances (≲200 kλ) are below the 1σ level. If the fitting results are dragged by data from the shorter uv distances, we would find an excess at larger uv-distances as a remnant of the fitting, but no such feature can be found.
	[image: thumbnail]	Fig. 8. Real part of the stacked residual visibility as a function of uv distances. Average values of two types of binning (20 kλ and 100 kλ) are shown. Uncertainties represent a standard deviation of binned visibility data.



To summarize, from the double component fitting in the stacked visibility data (Figure 7 right), we do not find a statistically significant evidence of [C II] halo as a secondary component. The modeled secondary component consists of 8.7 ± 13.4% of the total flux, which is smaller by several times than what has been suggested in the previous [C II] line observations at high redshift. Based on Figures 6, 7, and 8, we conclude that the [C II] line emission of the CRISTAL galaxies can be adequately explained by a single exponential disk component.
4.3. What determines the spatial extent of the [C II] line?
In this section, we discuss the origin of extended [C II] line emission. The correlation between [C II] luminosity and SFR, which holds true for several orders of magnitude, suggests that the [C II] line emission can be considered a good tracer of PDRs on molecular cloud surface (n ≃ 103–105 cm−3, T ≃ 102 K) surrounding young massive stars. However, [C II] line emission can arise from more diffuse gaseous components (n ≲ 103 cm−3) than PDRs. Following the description of the ISM conditions in Madden et al. (1997), these are cold neutral medium (n ≃ 102 cm−3, T ≃ 102 K), warm neutral medium (n ≃ 1 cm−3, T ≃ 5 × 103 K), and ionized medium (n ≲ 1 cm−3, T ≃ 104 K; Section 4.3.2). In neutral ISM conditions, atomic hydrogen would be the dominant collision partner, while in PDRs either atomic or molecular hydrogen can be effective in the [C II] excitation (Goldsmith et al. 2012).
As FIR continuum emission traces a dust re-emission, the spatial extent of FIR continuum emission can be regarded as regions where PDRs are dominant. Hence, the comparable spatial extent between the [C II] line and FIR continuum emission (Re, [CII]/Re, FIR ≈ 1) indicates that the [C II] line emission coincides with star formation activity traced by the PDRs. Umehata et al. (2021) report the [C II] line and FIR continuum observations of galaxies in the SSA22 protocluster at z = 3.1 and discuss that [C II] line emission is mainly associated with star formation activity, although other origins and potential effects from the overdense environment are not ruled out. Novak et al. (2020) also draw a similar conclusion for z > 6 quasars. However, as those samples are limited to IR-bright galaxies with LIR ≳ 1012 L⊙, the results may not apply to typical SFGs (LIR ≲ 1012 L⊙) at corresponding redshifts. Previous studies have reported few galaxies showing Re, [CII]/Re, FIR ≈ 1 (Fujimoto et al. 2020; Pozzi et al. 2024), and thanks to the sensitivity of ALMA observations taken by the CRISTAL Survey, we can now postulate whether such galaxies comprise of the majority of the SFGs at z ∼ 4 − 6, which is consistent with the general picture that the [C II] line emission is coming from the PDRs.
From the size comparisons that we presented in Section 4.1, we find that the sizes of the [C II] line emission in our sample are on average 2.90 and 1.54 times larger compared to the rest-frame UV and FIR continuum emission, respectively (Figure 5), suggesting that [C II] line emission is approximately twice more extended than the main star-forming regions. This indicates that the contribution from the PDRs is not sufficient to explain the [C II] line emission beyond the radius of star-forming regions. For simplicity, if we assume that the [C II] radius is exactly twice more larger than the radius that encloses half of the SFR, and the contribution from PDRs is dominant (100%) within the [C II] radius (r < Re, [CII]), the average contribution from PDRs at r > Re, [CII] is roughly estimated to be ≈20%. When spatially integrated, the PDR fraction is then ≈60%. Low contribution from PDRs at the outskirts of the galaxies is qualitatively consistent with Li et al. (2024), who find that the spatially resolved Σ[CII] − ΣSFR has a steeper slope in about half of the CRISTAL galaxies that are examined than the ones found in nearby star-forming galaxies (e.g., De Looze et al. 2014; Herrera-Camus et al. 2015). While this could be caused by the [C II] deficit in the central regions, since we do not find such evidence as we show later (see Figure 10 in Section 4.3.3; see also Herrera-Camus et al. 2021 and Posses et al. 2024 for individual cases), we suggest that the Σ[CII] − ΣSFR does not hold at large radii as the central region tends to deviate toward brighter [C II] surface densities.
In the Milky Way, Pineda et al. (2013) report that about 20% of the [C II] line emission arises from the cold neutral medium. In M 33, Kramer et al. (2013) discover an increasing contributions from a cold neutral medium to the [C II] line emission with radius. For Haro 11, a nearby dwarf galaxy that has similar [C II] and IR luminosities to the CRISTAL galaxies, Cormier et al. (2012) report a contribution from PDRs to the [C II] line emission of 10%, while the rest of the [C II] line emission is coming from diffuse low-ionization gas. de Blok et al. (2016) compare the spectra of [C II], CO J = 1–0, and H I lines of a sample of 10 nearby galaxies. They find that the radial profile of the [C II] line emission is taking an intermediate slope between CO J = 1–0 and H I lines (see also Tarantino et al. 2021). These studies motivate us to think that by measuring the spatial extent of [C II] line emission at a kiloparsec-scale resolution, we are looking at the intermediate spatial extent between molecular and atomic gas distributions. Considering that the average H I gas fraction (MHI/(MHI + M⋆)) monotonically increases with redshift, from 25% at z = 0 to 70% at z∼ 4–6 (Walter et al. 2020; Heintz et al. 2021), and that H I gas is thought to be extended up to a circumgalactic scale along the filaments of the cosmic web (e.g., Katz et al. 2017), the extended [C II] line emission in the CRISTAL galaxies is likely to be a combination of that coming from PDRs and cold/warm neutral medium, where most of the mass can be traced by molecular and atomic hydrogen, respectively. In nearby galaxies, the dust mass surface density correlates with the total gas mass surface density better than the molecular or atomic surface densities at a kiloparsec scale (e.g., Casasola et al. 2022). Since the atomic gas distribution is generally more extended than that of the molecular gas, the strong correlation between dust and total gas mass suggests that at large radii, dust can be a good tracer of atomic gas rather than molecular gas. While we cannot assume the same correlation to the CRISTAL galaxies due to the differences in gas fraction and metallicity, this correlation in nearby galaxies supplements our argument that the contribution from atomic gas to the [C II] line emission becomes increasingly dominant with radius.
Numerous theoretical works have been presented to constrain the properties of FIR fine-structure lines at high redshift (e.g., Nagamine et al. 2006; Vallini et al. 2013, 2015; Katz et al. 2017; Pallottini et al. 2017; Olsen et al. 2018; Lagache et al. 2018; Popping et al. 2019; Arata et al. 2020; Ramos Padilla et al. 2023; Gurman et al. 2024; Casavecchia et al. 2025, 2024; Muñoz-Elgueta et al. 2024). Some of the studies that align with the discussion above include Ramos Padilla et al. (2023) who simulated the dominant fraction (up to ≈70–90%) of [C II] line emission coming from the atomic gas phase in high-redshift galaxies (see also Casavecchia et al. 2025). Similarly, Gurman et al. (2024) report that the contribution from warm neutral medium (not necessarily molecular gas) is dominant (≈30 − 40%) particularly at sub-solar metallicity while H II region may be comparably important, based on high-resolution hydrodynamical simulations of a self-regulated ISM. In contrast, Vallini et al. (2015) discuss that the [C II] line emission from cold gas may be attenuated by cosmic microwave background (CMB) by a factor of 0.1–0.2, because the CMB temperature approaches the spin temperature of the [C II] line transition in the cold neutral medium (∼20 K). This results in a minor contribution of cold neutral gas (≲10%) to the [C II] line emission (see also Olsen et al. 2018; Lagache et al. 2018). It should be noted that these simulated galaxies are affected by slightly higher CMB temperatures since they are at higher redshifts (z ≳ 6) than our sample.
The cause of variations in Re, [CII]/Re, FIR among individual galaxies is still not clear. If extended [C II] line emission originates from a diffuse neutral medium, then it is possible that the [C II] line emission can be taken away from the host galaxies during merger events, as has been demonstrated in simulated galaxies (Pallottini et al. 2022). While we fail to statistically confirm that pair systems have more extended [C II] sizes than others (Section 3.2), JWST images reveal that some single galaxies identified by HST images are actually composed of multiple stellar components (Lines et al. 2024). This includes two galaxies, CRISTAL-07c and CRISTAL-11, which have Re, [CII]/Re, FIR > 2. Future assessments of how the Re, [CII]/Re, FIR (and Re, [CII]/Re, UV) varies during past merger events using zoom-in cosmological simulations will give an insight into our results. Alternatively, the variations in Re, [CII]/Re, FIR in our sample may reflect the presence of extraplanar gas and dust, as is demonstrated by the observations of NGC 891, a nearby edge-on galaxy. Reach et al. (2020) report that the [C II] line emission in a thick disk of NGC 891 has larger scale height (2.8 kpc) compared to mid-IR emission tracing PAHs, as well as FIR emission (1.4 kpc; Bocchio et al. 2016). Nonetheless, the data with deeper sensitivity and higher spatial resolution are required to verify this scenario in our sample.
In the following, we discuss four alternative mechanisms that could be the cause of extended [C II] line emission in addition to diffuse neutral gas: outflows (Section 4.3.1), ionized gas (Section 4.3.2), radial variation in the [C II] deficit (Section 4.3.3), and shock heating (Section 4.3.4).
4.3.1. Outflows
One of the supporting scenarios for the extended [C II] line emission is ongoing outflows driven by star formation activity. Semi-analytical models predict that cold-mode outflows could reproduce the extended [C II] line emission (Pizzati et al. 2020, 2023), and this has been observationally supported by the spectra stacking analysis of [C II] line emission for both star-forming galaxies at 4 < z < 6 (Gallerani et al. 2018; Ginolfi et al. 2020b) and local low-metallicity dwarf galaxies (Romano et al. 2023). On the other hand, Akins et al. (2022) do not find an outflow signature in [C II] line from a strongly lensed galaxy A1689-zD1 at z = 7.13, but detect a broad component in [O III] 88 μm line emission, indicating the presence of ionized outflowing gas that will subsequently cool and emit the [C II] line emission at larger radius (see also Wong et al. 2022). For z > 6 quasars, Novak et al. (2020) report null detection of broad spectral feature from [C II] line based on spectral stacking (see also Decarli et al. 2018).
As such, it is still not clear whether there is a physical association between outflows and the extended [C II] line emission seen in projected sky distribution at z > 4. The situation has become more puzzling, since recent ALMA observations (Spilker et al. 2020; Salak et al. 2024; Nianias et al. 2024) report the detection of a blueshifted OH 119 μm absorption feature as evidence of molecular outflows, while a broad [C II] line feature is not detected for the same sources. These results indicate that the [C II] line emission is not always a robust tracer of molecular outflows. Levy et al. (2023) present a [C II] line observation of the outflow region of a nearby starburst galaxy M 82. The authors find that the fraction of [C II] line flux associated with the outflow region is about one-quarter of the total [C II] line emission, and the majority (> 55%) of the [C II] line flux in the outflow region arises from the atomic component. If the composition of the [C II] line in high-redshift galaxies is similar to M 82, it is not surprising to have a weak or no detection of the broad [C II] line feature.
It has also been suggested that AGN outflows can enhance [C II] line emission due to an additional contribution from either X-ray-dominated or ionized regions (Smirnova-Pinchukova et al. 2019, but also see Stacey et al. 2010). Since the original sample selection in the ALPINE Survey excluded Type I AGN with broad optical spectral line (Le Fèvre et al. 2020), our sample similarly does not include bright Type I AGN. However, Li et al. (2024) discuss that CRISTAL-25 may be an AGN, because the spatially resolved SED fitting analysis shows poor fit at the central region, possibly due to the contamination of broad emission lines from AGN to the broad band photometry. Nonetheless, we confirm that [C II] line emission in CRISTAL-25 is not particularly bright compared to the FIR continuum (L[CII]/LFIR = 3.7 × 10−3), and so the possible effect of AGN on the enhancement of [C II] line emission is not likely playing a role in this galaxy.
In this study, we are likely measuring the sizes of [C II] line emission arising from both galactic ISM and outflows, if they exist. The median velocity width we use to measure the spatial extent of the [C II] line emission is 440 km/s, which is broad enough that star-formation-driven outflows can contribute to the observed structure of the [C II] line emission. Sugahara et al. (2019) report a positive correlation between SFR and outflow velocity up to z ∼ 6. A similar correlation between SFR (or its surface density ΣSFR) and mass outflow rate is also reported for nearby galaxies (e.g., Fluetsch et al. 2019; see also Veilleux et al. 2020; Förster Schreiber & Wuyts 2020 and references therein).
Among the CRISTAL galaxies, CRISTAL-02 only shows a strong broad wing component in the [C II] line spectrum (Davies et al. in prep) and weak evidence of broad wing component is detected when the [C II] spectra are stacked among the CRISTAL galaxies (Birkin et al. in prep). Based on these findings, if outflows contribute to the extended [C II] line emission, we might see a correlation between [C II] sizes and galactic properties.
Figure 9 shows the [C II] size and [C II]-to-UV size ratio as a function of the SFRIR surface density ([image: equation]) of the CRISTAL galaxies. We use the values of SFRIR measured in Mitsuhashi et al. (2024) who convert FIR continuum flux (S158 μm) into IR luminosity (LIR) and then into obscured SFR (SFRIR) following the same method as Béthermin et al. (2020). According to a linear regression fitting, we find a positive trend for single galaxies in both panels in Figure 9, but a negative trend when pair galaxies are included. Nonetheless, the Spearman’s rank correlation tests give the p values of 0.546 (single fit) and 0.831 (single+pair fit) for log10ΣSFRIR − log10Re, [CII] relation (Figure 9 left), and 0.381 (single fit) and 0.859 (single+pair fit) for log10ΣSFRIR − log10(Re, [CII]/Re, UV) relation (Figure 9 right). We similarly investigated the [C II] size and [C II]-to-UV size ratio as a function of SFR, but none of the correlations were significant (p value > 0.05). Therefore, regardless of the merging events, we fail to rule out the null hypothesis that there is no association between star-formation-driven (atomic) outflows and the extended [C II] line emission. In addition, we find that CRISTAL-02 does not have particularly large [C II] size nor SFRIR surface density among the CRISTAL galaxies. These results may imply that there is no strong association between (atomic) outflows and the extended [C II] line emission.
	[image: thumbnail]	Fig. 9. Dependence of the spatial extent of [C II] line emission on the SFRIR surface density. (Left) [C II] line radius as a function of the SFRIR surface density. The solid blue and purple lines show a best-fit linear regression for single and single+pair sources, respectively. The shaded region shows a 95% confidence level of the fit for single galaxies. The p values of a Spearman’s rank correlation test for both single and single+pair parent samples are shown in the lower-left corner. We also highlight CRISTAL-02 (multiple-UV), a galaxy which shows an evidence of broad [C II] wing component in multiple spatially resolved elements of the galaxy (Davies et al. in prep). (Right) Same as the left panel, but taking the [C II]-to-UV size ratio as the vertical axis. Given the p values, we cannot rule out the null hypothesis that there is no correlation between these parameters.



4.3.2. Contribution from ionized gas
Due to the low-ionization potential of carbon, [C II] line could originate from ionized regions. Because nitrogen has a higher ionization potential than hydrogen, the [N II] 205 μm line, which has a similar critical density as the [C II] line when collisionally excited by electrons, has been widely used to discern the contribution of the [C II] line from ionized gas. Alternatively, [O III] 88 μm can also be used as a tracer of ionized gas (e.g., Herrera-Camus et al. 2018a; Harikane et al. 2020), but unfortunately the [O III] 88 μm line from the redshifts of our sample is hardly accessible through the atmospheric windows.
Studies of nearby galaxies with measurements of both [C II] and [N II] 205 μm lines suggest that ionized gas, either diffuse ionized gas or H II regions, is not the main contributor of [C II] line emission (e.g., Croxall et al. 2017; Herrera-Camus et al. 2018a; Sutter et al. 2019; Tarantino et al. 2021). Nearby luminous infrared galaxies (LIRGs) are reported to have a PDR fraction of [C II] line larger than 60%, up to 95% (Díaz-Santos et al. 2017). For high-redshift galaxies, Pavesi et al. (2016) study [N II] 205 μm line for two Lyman-break galaxies, CRISTAL-02 (LBG-1) and CRISTAL-22 (HZ10), and report higher [C II]-to-[N II] luminosity ratio for CRISTAL-02, which is less dusty than CRISTAL-22 (see also Umehata et al. 2017; Cunningham et al. 2020). The estimated contributions from ionized gas are ∼5% and 10–25% for CRISTAL-02 and CRISTAL-22, respectively.
Croxall et al. (2017) find a trend of decreasing [C II]-to-[N II] luminosity ratio with decreasing gas-phase metallicity in the local SFGs; that is, a low contribution to the [C II] line emission from the ionized gas at high metallicity (see also Cormier et al. 2019). Assuming that the mass-metallicity relations (Nakajima et al. 2023) hold true in the CRISTAL galaxies, the empirical relation presented in Croxall et al. (2017) provides an ionized fraction of 13–27% in a stellar mass range of log(M⋆/M⊙) = [9.5, 11.0]. This agrees with the estimated ionized fraction of CRISTAL-22 with log(M⋆/M⊙) = 10.35 ± 0.37 (Mitsuhashi et al. 2024). Since the majority of the CRISTAL galaxies have lower stellar masses than this, we infer that the [C II] line flux contributed from the ionized medium is not as significant as ∼25%, indicating that the contribution from ionized gas has little impact on the spatial extent of [C II] line emission.
However, some theoretical studies show mixed results regarding the impact of diffuse ionized gas on [C II] line emission (e.g., Olsen et al. 2018; Ramos Padilla et al. 2023). Future high-resolution [N II] 205 μm observations will be crucial to elucidate the spatial distribution of [C II] line emission associated with ionized gas at high redshift.
4.3.3. [C II] deficit in the central region of galaxies
It is known that the [C II]-to-(F)IR luminosity ratio varies depending on the ISM conditions; for instance the ratio is particularly low in regions where (F)IR surface density is high. Several physical explanations have been made, such as low photoelectric heating efficiency due to small grain destruction or charging, high ionization parameter, and thermal saturation of the [C II] line emission (e.g., Malhotra et al. 2001; Muñoz & Oh 2016; Díaz-Santos et al. 2017; Herrera-Camus et al. 2018b). Because this so-called [C II] deficit is prominent in the central region of galaxies (e.g., Smith et al. 2017; Litke et al. 2019; Venemans et al. 2020), it is possible that the larger sizes measured in [C II] line emission compared to FIR continuum emission accompany the radial dependence on the [C II] deficit.
To inspect this, we stacked ten single galaxies, in which both [C II] line and FIR continuum emission is detected. The stacking was performed in visibility using the CASA/concat task. The phase centers of individual visibility data are shifted to match the coordinates at which the [C II] line emission peaks. We image both stacked [C II] line and FIR continuum emission using the CASA/tclean task with natural weighting, and clean down to 1.5σ noise level by applying 3″ aperture mask, where σ is the rms noise level of the dirty image. We show the normalized surface density profiles of the stacked clean image in the left panel of Figure 10. Both [C II] line and FIR continuum emission exhibit an extended structure beyond the PSF Gaussian profile with an effective radius of 1.97 ± 0.17 kpc and 1.53 ± 0.22 kpc, respectively. Beyond a beam-convolved radius of 1″, the surface densities of [C II] line and FIR continuum emission become comparable to the surface densities derived from setting random apertures, and the emission is likely not genuine. The IR surface density profile shows a small bump at 1″. By inspecting the stacked image, we confirm that this bump results from the elongated structure at the 2–3σ significance level of the FIR continuum emission. We therefore do not attribute the bump at 1″ to mergers or halo structure.
	[image: thumbnail]	Fig. 10. Radial profiles of the stacked [C II] line and FIR continuum emission. (Left) Normalized radial surface density profile of the uv-stacked image in [C II] line (Re, [CII] = 1.97 ± 0.17 kpc) and FIR continuum (Re, FIR = 1.53 ± 0.22 kpc) emission. The dotted lines show average surface density derived by setting random apertures on blank regions, which are also shown in color-shaded regions as uncertainties. The dashed black curve represents the clean PSF. The top axis is converted to a physical scale assuming an average redshift of z = 5.22 among the stacked sample. (Right) Absolute radial surface density profiles of the [C II] line and FIR continuum emission, in which the unit is converted to L⊙/kpc2. The solid black line shows the ratio between the [C II] line and IR emission (axis shown on the right hand side). As we do not see a strong radial variation in the [C II]-to-IR luminosity ratio, we suggest that the [C II] deficit is not responsible for the extended [C II] line emission.



In the right panel of Figure 10, we show the absolute surface density profiles (left axis) and their ratio (right axis). The Σ[CII]/ΣIR profile fluctuates around the global value of 8 × 10−4, with a gradual increase until [image: equation] (3 kpc) and subsequent decrease at least up to [image: equation] (5 kpc). The global value of Σ[CII]/ΣIR = 8 × 10−4 is in fact smaller than the expected value of Σ[CII]/ΣIR = (1 − 4)×10−3 (e.g., Herrera-Camus et al. 2018a; Zanella et al. 2018) for the CRISTAL galaxies with ΣIR ∼ 1010 − 1011 L⊙/kpc2 (Mitsuhashi et al. 2024). We attribute this lower ratio in the stacked image to the IR-bright galaxies in our sample (CRISTAL-21 and CRISTAL-24), which are an order of magnitude brighter in IR luminosity than the rest of the CRISTAL galaxies. However, our interest here is the radial variation in Σ[CII]/ΣIR, and so we have confirmed that the overall trend is unchanged when such exceptionally IR-bright galaxies are excluded from the stacking. Because the radial variations in Σ[CII]/ΣIR are not monotonically decreasing toward the center and instead are relatively flat, the [C II] deficit is not particularly strong in the central region. This may be at odds with nearby galaxies (Smith et al. 2017), but consistent with some of the quasar-host galaxies at z ≳ 6 (Venemans et al. 2020) and the individual CRISTAL galaxies (Herrera-Camus et al. 2021; Posses et al. 2023; Li et al. 2024). In summary, we suggest that radial variation in the [C II] deficit is not the primary cause of the extended [C II] line emission.
Table 1. 
Summary of the best-fit parameters in Figure 11.

4.3.4. Shocked gas
The alternative mechanism that can enhance the [C II] line emission without star formation activity is shock heating produced in a merging system or in a galaxy group (Appleton et al. 2013; Peterson et al. 2018; Fadda et al. 2023): kinetic energy from shocks and turbulence is injected into the gas and excite the ionized carbon by collisions. We refer the readers to Posses et al. (2024) for detailed discussion on the argument that the [C II] line emission in CRISTAL-05 is likely to be enhanced by shock heating. In short, the enhanced [C II] line emission due to shock heating is suggested from evidence of merging activity and a high [C II]-to-IR luminosity ratio (L[CII]/LIR ≳ 10−2). The latter can also be tested by comparing the [C II] surface density to SFR surface density.
Among the CRISTAL galaxies except for CRISTAL-05 (Posses et al. 2024), the pair and multiple-UV systems are the likely candidates that may emit [C II] line emission induced by shock heating. However, as we show in Table B.2 and discuss at the beginning of Section 4.3, most of these systems have a moderate size ratio between the [C II] line and FIR continuum (Re, [CII]/Re, FIR ∼ 0.7 − 1.5), so their [C II] line emission can mostly be explained by PDRs. Two exceptions are CRISTAL-04a (Re, [CII]/Re, FIR = 2.1 ± 1.2) and CRISTAL-13 (Re, [CII]/Re, FIR = 2.7 ± 2.1), but neither of them shows high [C II]-to-IR luminosity ratio (L[CII]/LIR ≃ 3 × 10−3). Shocked gas heating is not likely the driver of extended [C II] line emission.
4.4. Connection to Lyα and Hα emission
Harikane et al. (2018) find an anti-correlation between [C II] luminosity and Lyman-α line (Lyα line, λ = 1216 Å) equivalent width (EW) for Lyα emitters at z = 4 − 7. This anti-correlation is likely to exist for each galaxy population, such as Lyman-α emitters and star-forming main sequence galaxies, since typical [C II] luminosity at fixed Lyα EW differs across galaxy populations (Díaz-Santos et al. 2021). However, Endsley et al. (2022) do not find such anti-correlation for UV-bright galaxies at z ≃ 7, possibly due to either a limited dynamic range of Lyα EW (< 20 Å) or insufficient statistics.
To study how the [C II] line properties of our sample correlate with Lyα emission, we plot the [C II] line surface density ([image: equation]), the [C II]-to-IR surface density ratio (Σ[CII]/ΣIR) within the [C II] effective radius, and the [C II]-to-UV size ratio (Re, [CII]/Re, UV) as a function of the Lyα EW (EWLyα) in Figure 11. We estimate the IR luminosity within the [C II] radius based on the best-fit model in the visibility modeling. The values of EWLyα are presented in the catalogs of both Faisst et al. (2020) and Cassata et al. (2020). Since Cassata et al. (2020) report the EWLyα value only for the galaxies with [C II] line detection in the ALPINE Survey, we adopt the values from Faisst et al. (2020) to increase the sample size. Here, we convert the EWLyα reported in the observed-frame to the rest-frame by applying a correction factor of (1 + z)−1. In agreement with previous findings, we find a decreasing trend of the [C II] line surface density with increasing EWLyα, with a Spearman’s rank correlation coefficient of −0.51 and a p value of 0.039. Moreover, we find the [C II]-to-IR surface density ratio positively correlates with EWLyα with a correlation coefficient of 0.56 and a p value of 0.090. The size ratio of [C II] line and UV radii appears to decrease with EWLyα, which aligns with the results from Fujimoto et al. (2020), although a Spearman’s rank correlation test give a p value of 0.516. We perform a linear regression fitting for each correlation and present the fitting results in Table 1. As a side note, we do not find a correlation between [C II] line radius and EWLyα.
	[image: thumbnail]	Fig. 11. [C II] surface density (top left), [C II]-to-IR surface density ratio (bottom left), and [C II]-to-UV size ratio (bottom right) of the CRISTAL galaxies as a function of the rest-frame EW of Lyα emission. The Lyα properties are taken from Faisst et al. (2020). The galaxies without dust continuum detection are denoted by open symbols. Small purple circles shown in the top left and bottom right panels are the ALPINE galaxies in which [C II] surface density, [C II]-to-UV size ratio (Fujimoto et al. 2020), and Lyα EW (Faisst et al. 2020) are available. We show the linear regression fitting (Table 1) in the solid black line, with the shaded region representing the 95% confidence interval. The p value of a Spearman’s rank correlation test is shown in the lower-left corner of each panel.



The correlations we present in Figure 11 imply that there is physical interplay between [C II] line, dust, and Lyα emission. Noticeably, we find that three galaxies (CRISTAL-01a, 12, and 17) with the lowest [C II] surface density with Σ[CII] < 107 L⊙/kpc2 have large Lyα EW (EWLyα ≳ 101.5 Å) and are not detected in FIR continuum emission (Mitsuhashi et al. 2024). On the other hand, galaxies with small Lyα EW (EWLyα ≲ 101.5 Å) exhibit a high [C II] surface density (Σ[CII > 107 L⊙/kpc2) and a low [C II]-to-IR surface density ratio (Σ[CII]/ΣIR ≲ 10−2.5); in other words, a [C II] deficit. These ratios indicate that the low dust content in the ISM of these galaxies facilitates the escape of Lyα photons and vice versa. In such ISM conditions, the ionization parameter is expected to be higher compared to the galaxies with strong FIR continuum detection. Simultaneously, the limited amount of dust likely leads to low [C II] surface density by reducing the efficiency of photoelectric heating.
It is known that the velocity offsets between the systemic velocity (measured from [C II] line or optical emission lines) and the velocity of the peak of Lyα line anti-correlate with EWLyα (Hashimoto et al. 2013, 2019; Erb et al. 2014; Valentino et al. 2022), which has also been confirmed for the ALPINE sample (Cassata et al. 2020). As large velocity offsets indicate high H I column density, the galaxies with small EWLyα have higher H I column densities than the ones with large EWLyα, which may explain extended [C II] line emission if it arises from the atomic gas (Section 4.3). Therefore, although it is not conclusive whether the weak anti-correlation between Re, [CII]/Re, UV and Lyα EW is real, the large Lyα EW, low H I column density, small amount of dust, and small Re, [CII]/Re, UV are consistent with each other, and larger fraction of the [C II] line emission may arise from the ionized gas in such galaxies (Section 4.3.2).
However, we note that the Lyα properties currently available are taken by slit spectroscopy (Cassata et al. 2020), and only global properties without spatial information can be inferred. We thus expect that future Lyα observations by integral field spectroscopy (IFS) would be crucial to compare the spatial extent and morphology between [C II] line and Lyα emission.
Another fundamental tracer emitted from hydrogen atoms is the Balmer-α line (Hα line, λ = 6563 Å). Hα line traces an instantaneous star formation activity (∼10 − 100 Myr), so if the Hα line is more extended than continuum emission tracing star-formation activity over ∼100 Myr, this would support the idea that these galaxies are in a phase of “inside-out” growth and neutral gas at larger radii is heated by recent star formation activity. Herrera-Camus et al. (2015) show that [C II] line emission can arise and hold the [C II]-SFR relation with a short duration (2 Myr) of star formation activity with high heating efficiency from FUV to [C II] line emission (ϵh ≃ 1 − 3%), suggesting the possibility that recent star formation activity causing the extended [C II] line emission may be traced by Hα line emission.
As JWST has recently enabled us to study the spatial distribution of the Hα line at comparable redshifts to our sample (e.g., Birkin et al. 2023; Übler et al. 2024; Matharu et al. 2024; Nelson et al. 2024), it is of great interest to compare the morphological and kinematical properties of Hα and [C II] lines (Kohandel et al. 2024). Two of the galaxies among our sample (CRISTAL-20 and CRISTAL-22) have been observed in JWST/NIRSpec IFU mode (Parlanti et al. 2024; Jones et al. 2024), offering new insights into the ionized gas properties of typical star-forming galaxies at high redshift. In CRISTAL-20, Parlanti et al. (2024) reveal ionized outflows traced by the [O III]5007Å and Hα lines, which are co-spatial to the neutral outflows traced by [C II] line. Jones et al. (2024) discover brighter Hα line emission in CRISTAL-22b than CRISTAL-22a, whereas dust continuum is weaker, suggesting different evolutionary phases among the complex merging system. A future systematic census of ionized gas properties in the CRISTAL galaxies with JWST will provide unprecedented insights into the spatial correlation between neutral and ionized gas.
5. Conclusions
We have presented the [C II] size measurements and size comparisons with other tracers for typical SFGs at z = 4 − 6 taken by the CRISTAL Survey. The data of the survey benefits from the deep sensitivity (1σ ∼ 0.1 − 0.2 mJy per 20 km/s channel bin) to search faint extended emission and high spatial resolution ([image: equation]), which enables us to identify and characterize multiple galaxies in proximity. Our main findings are as follows:

	
[C II] sizes are similar among various merger states. We performed size measurements of [C II] line emission via visibility modeling analysis. The structural parameters of 33 components are reported in Table B.1, including pairs (e.g., CRISTAL-07ab) and complex UV systems (e.g., CRISTAL-02, CRISTAL-10). In spite of a variety of merger states, we do not statistically confirm the difference in [C II] sizes between single and pair (p value = 0.23)/multiple-UV (p value = 0.12) systems.



	
Extended [C II] line emission revealed by size comparison. Based on the comparisons between [C II] line radius and rest-frame UV, and FIR radii, we find average size ratios and standard deviations of ⟨Re, [CII]/Re, UV⟩ = 2.90 ± 1.40 and ⟨Re, [CII]/Re, FIR⟩ = 1.54 ± 0.63, respectively. This indicates that [C II] line emission is approximately twice more extended than the main star-forming regions traced by rest-frame UV and FIR continuum emission.



	
[C II] line emission as a single extended disk component. We assessed whether the [C II] line emission can be characterized by a disk with a secondary halo structure by performing both single and double component fittings in visibility. While we have obtained the two-component model (Re, gal = 1.91 ± 0.20 kpc, Re, halo = 9.17 ± 28.2 kpc), the flux density of “[C II] halo” is weaker than the typical uncertainty of the visibility data in short uv distances (∼20 kλ), and the single extended disk component (Re = 1.97 ± 0.10 kpc) characterizes the observed [C II] line emission with an equal level of statistical support. In the stacked residual visibility, we did not detect any significant flux excess, thus we conclude that the [C II] line emission in our sample can be adequately characterized by a single disk component.



	
Origin of [C II] line emission. While the [C II] line emission in about half of our sample can be explained by PDRs associated with the star formation activity, the extent of [C II] line emission in the rest of the sample appears to require an additional source of excitation. The most likely is [C II] line emission coming from the diffuse medium, either neutral atomic gas or ionized gas, although the effect of such components at high redshift is unsettled from a theoretical perspective. We argue that the diversity in [C II] sizes may be further caused by different merger history and the existence of extraplanar gas and dust. In contrast, the [C II] deficit in the central region of the galaxies, and shocked gas heating induced by mergers are not likely to be responsible for the extended [C II] line emission.



	
Correlations with the Lyα properties. We find a negative correlation between [C II] surface density (Σ[CII]) and Lyα EW (p value = 0.039), and a tentative positive correlation between [C II]-to-IR surface density ratio (Σ[CII]/ΣIR) and Lyα EW (p value = 0.090). These correlations between [C II] and Lyα properties can be understood by the amount of gas and dust content, which is essential for producing the [C II] line emission via photoelectric heating. High [C II] surface density suggests high neutral gas column density, leading to strong attenuation of Lyα emission (low Lyα EW). We also find a possible negative correlation between [C II]-to-UV size ratio (Re, [CII]/Re, UV) and Lyα EW. If the correlation is real, this would support the scenario that extended [C II] line emission at large radii is arising from the atomic gas component. Future IFS studies of both Lyα and Hα lines are expected to explain the variations in the [C II] line and dust properties among the typical SFGs at this epoch.






1 https://sites.google.com/view/alma-cristal


2 We use a term of ‘uv distance’ as a radial distance of visibility data in the (u, v) plane in units of kλ, defined as [image: equation].
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Appendix A:  The sample name and postage stamps of the fit images
Table A.1. 
Other names and references of the CRISTAL galaxies.

	[image: thumbnail]	Fig. A.1. Visualization of the visibility modeling of the [C II] line emission in images. The [C II] line contours are overlaid on the HST/WFC3 F160W image. The left panel shows the dirty image of a single cube used for the visibility modeling (Section 3.2). The FWHM of the dirty beam is shown as a white ellipse in the lower-left corner. The middle and right panel show the best-fit model and the residual created by subtracting the model from the data, respectively. A 5″×5″ region is shown. The contours start at 2σ and increase in steps of 3σ until 20σ.



	[image: thumbnail]	Fig. A.2. continued.




Appendix B:  Structural parameters of the CRISTAL galaxies
Table B.1. 
Structural parameters of [C II] line emission in the CRISTAL galaxies.

Table B.2. 
Effective radii and size ratios in continuum emission.


Appendix C:  Visibility modeling with the ALPINE data
In this section, we briefly discuss how our visibility modeling improved by adding the data taken from the CRISTAL survey. In Table C.1, we show the results of visibility modeling using the ALPINE data alone. We followed the same procedure described in Section 3.2. Out of the 33 [C II] components reported in this work, the ALPINE data was used for 24 components, and we have successfully modeled 21 components. The fittings did not converge for the rest of the three components, either due to the compactness or faintness of the [C II] line emission. Some of the merging systems (e.g., CRISTAL-04a and CRISTAL-04b pair) were able to be modeled as two distinct galaxies if we allow a circular exponential model.
Figure C.1 compares the fit values between two different datasets. A slope and p value based on a linear regression fitting are shown. For the linear regression fitting of the minor-to-major axis ratios, we exclude the galaxies for which the minor-to-major axis ratio is unconstrained by the ALPINE data (qALPINE = 1). We find that all three correlations (total flux, effective radius, and minor-to-major axis ratio) show a good agreement with the p value smaller than 0.05, demonstrating that the ALPINE data alone could constrain three parameters well. However, the uncertainties of flux and radius become on average 2.1 and 1.8 times smaller, respectively, when the CRISTAL data is included. One major improvement is that we have successfully constrained the minor-to-major axis ratio for more than 90% of the sample, while less than half cannot be modeled when only low-resolution data is used. This could be either due to the difference in the sensitivities or the spatial resolutions of the data.
	[image: thumbnail]	Fig. C.1. Comparison of total flux (left), effective radius (middle), and axis ratio (right) measured from the visibility modeling using different datasets. A slope and p value based on a linear regression fitting are shown in the top-left corner of each panel. We exclude the galaxies with qALPINE = 1 for the fitting of minor-to-major axis ratio.



Table C.1. 
Structural parameters of the [C II] line emission measured from the ALPINE data alone.
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All Figures
	[image: thumbnail]	Fig. 1. Classification of the galaxies based on a multiplicity of [C II] line (with contours) and rest-frame UV (background, HST/WFC3 F160W) emission. A 5″ × 5″ region is shown in each panel. The contours start at 2σ and increase in steps of 3σ until 20σ. The Gaussian FWHM fit from the synthesized dirty beam is shown as a white ellipse in the lower-left corner of each panel3. Two arrows shown in a panel of multiple-[C II] (CRISTAL-06a) correspond to two [C II] line components (denoted as ‘W’ and ‘E’) that are visually identified.
In the text



	[image: thumbnail]	Fig. 2. [C II] line spectrum of CRISTAL-03 extracted from a 1-arcsec aperture. The best-fit Gaussian is shown as a solid red curve. We bin the frequency range of the filled region for the [C II] size measurements, which corresponds to ±2σ from the central frequency.
In the text



	[image: thumbnail]	Fig. 3. Visualization of the visibility modeling of the [C II] line emission (white contours) in four systems that we showed in Figure 1. The left panel shows the dirty image of a single cube used for the visibility modeling (Section 3.2). The Gaussian FWHM fit from the dirty beam is shown as a white ellipse in the lower-left corner. The middle and right panel show the best-fit exponential disk model and the residual created by subtracting the model from the data, respectively. The contours start at 2σ and increase in steps of 3σ until 20σ. The residual maps do not show any peaks above the 2σ level around the rest-frame UV counterpart, which indicates that the observed emission is characterized by the best-fit model well. The rest of the sample is shown in Figure A.1 and A.2.
In the text



	[image: thumbnail]	Fig. 4. [C II] luminosity-size relation of the CRISTAL sample. Symbols are based on the classification defined in Section 3.1. Each component of the pair/multiple-[C II] systems are shown separately. The right panel shows the histogram of [C II] sizes among categories with matched colors. We omit a histogram of multiple-[C II] because of the small sample size (N = 2). A histogram with a solid black line shows the size distribution of the entire CRISTAL sample. The [C II] sizes show the diversity at fixed [C II] luminosity, in which relatively compact sizes (Re, [CII] ≲ 1 kpc) were challenging to be measured in the previous low-resolution data.
In the text



	[image: thumbnail]	Fig. 5. Comparisons of the effective radii of the [C II] line and the continuum emission. (Left) Effective radius of [C II] line emission compared to the rest-frame UV continuum emission (HST/WFC3 F160W). Symbols are the same as in Figure 4. The dashed black line indicates the one-to-one relation between Re, [CII] and Re, UV, and three dashed gray lines above this line represent Re, [CII]/Re, UV = 2,  4,  8. (Right) Same as the left panel, but [C II] line radius is compared to the rest-frame FIR emission, measured from the ALMA Band-7 continuum images (Mitsuhashi et al. 2024). On average, the [C II] sizes are larger than the rest-frame UV sizes by a factor of 2.90; compared to the rest-frame FIR sizes, they tend to be larger by a factor of 1.54 although with large uncertainties.
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	[image: thumbnail]	Fig. 6. Flux density in the form of the real part of the visibility, as a function of uv distances along the minor axis. Each data point represents the mean value per 100 kλ bin. The galaxies that were fit in a circular exponential disk model are marked in an asterisk. The uncertainties represent the standard deviation. Both the data (circle) and the residual (diamond) visibilities are shown. The residuals are created by subtracting the best-fit model (solid black line) from the data.
In the text



	[image: thumbnail]	Fig. 7. Real part of the stacked visibility (circles) and the residual visibility (diamonds) as a function of uv distances for single component (left) and double component (“galaxy” + “halo”; right) fittings. Average values of two types of binning (20 kλ and 100 kλ) are shown. Uncertainties represent a standard deviation of binned visibility data. The best-fit models are shown as a solid black line (total) and solid purple lines (each component). The flux and effective radius of the best-fit models are summarized at the upper right corners. At the smallest 20 kλ bin, the residual show an excess at 1.2σ and 0.7σ significance levels, which corresponds to 8.8% and 5.5% of the total flux density for single and double component fittings, respectively.
In the text



	[image: thumbnail]	Fig. 8. Real part of the stacked residual visibility as a function of uv distances. Average values of two types of binning (20 kλ and 100 kλ) are shown. Uncertainties represent a standard deviation of binned visibility data.
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	[image: thumbnail]	Fig. 9. Dependence of the spatial extent of [C II] line emission on the SFRIR surface density. (Left) [C II] line radius as a function of the SFRIR surface density. The solid blue and purple lines show a best-fit linear regression for single and single+pair sources, respectively. The shaded region shows a 95% confidence level of the fit for single galaxies. The p values of a Spearman’s rank correlation test for both single and single+pair parent samples are shown in the lower-left corner. We also highlight CRISTAL-02 (multiple-UV), a galaxy which shows an evidence of broad [C II] wing component in multiple spatially resolved elements of the galaxy (Davies et al. in prep). (Right) Same as the left panel, but taking the [C II]-to-UV size ratio as the vertical axis. Given the p values, we cannot rule out the null hypothesis that there is no correlation between these parameters.
In the text



	[image: thumbnail]	Fig. 10. Radial profiles of the stacked [C II] line and FIR continuum emission. (Left) Normalized radial surface density profile of the uv-stacked image in [C II] line (Re, [CII] = 1.97 ± 0.17 kpc) and FIR continuum (Re, FIR = 1.53 ± 0.22 kpc) emission. The dotted lines show average surface density derived by setting random apertures on blank regions, which are also shown in color-shaded regions as uncertainties. The dashed black curve represents the clean PSF. The top axis is converted to a physical scale assuming an average redshift of z = 5.22 among the stacked sample. (Right) Absolute radial surface density profiles of the [C II] line and FIR continuum emission, in which the unit is converted to L⊙/kpc2. The solid black line shows the ratio between the [C II] line and IR emission (axis shown on the right hand side). As we do not see a strong radial variation in the [C II]-to-IR luminosity ratio, we suggest that the [C II] deficit is not responsible for the extended [C II] line emission.
In the text



	[image: thumbnail]	Fig. 11. [C II] surface density (top left), [C II]-to-IR surface density ratio (bottom left), and [C II]-to-UV size ratio (bottom right) of the CRISTAL galaxies as a function of the rest-frame EW of Lyα emission. The Lyα properties are taken from Faisst et al. (2020). The galaxies without dust continuum detection are denoted by open symbols. Small purple circles shown in the top left and bottom right panels are the ALPINE galaxies in which [C II] surface density, [C II]-to-UV size ratio (Fujimoto et al. 2020), and Lyα EW (Faisst et al. 2020) are available. We show the linear regression fitting (Table 1) in the solid black line, with the shaded region representing the 95% confidence interval. The p value of a Spearman’s rank correlation test is shown in the lower-left corner of each panel.
In the text



	[image: thumbnail]	Fig. A.1. Visualization of the visibility modeling of the [C II] line emission in images. The [C II] line contours are overlaid on the HST/WFC3 F160W image. The left panel shows the dirty image of a single cube used for the visibility modeling (Section 3.2). The FWHM of the dirty beam is shown as a white ellipse in the lower-left corner. The middle and right panel show the best-fit model and the residual created by subtracting the model from the data, respectively. A 5″×5″ region is shown. The contours start at 2σ and increase in steps of 3σ until 20σ.
In the text



	[image: thumbnail]	Fig. A.2. continued.
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	[image: thumbnail]	Fig. C.1. Comparison of total flux (left), effective radius (middle), and axis ratio (right) measured from the visibility modeling using different datasets. A slope and p value based on a linear regression fitting are shown in the top-left corner of each panel. We exclude the galaxies with qALPINE = 1 for the fitting of minor-to-major axis ratio.
In the text





    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Visualization of the visibility modeling of the [C II] line emission (white contours) in four systems that we showed in Figure 1. The left panel shows the dirty image of a single cube used for the visibility modeling (Section 3.2). The Gaussian FWHM fit from the dirty beam is shown as a white ellipse in the lower-left corner. The middle and right panel show the best-fit exponential disk model and the residual created by subtracting the model from the data, respectively. The contours start at 2σ and increase in steps of 3σ until 20σ. The residual maps do not show any peaks above the 2σ level around the rest-frame UV counterpart, which indicates that the observed emission is characterized by the best-fit model well. The rest of the sample is shown in Figure A.1 and A.2.

      

    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
        Comparisons of the effective radii of the [C II] line and the continuum emission. (Left) Effective radius of [C II] line emission compared to the rest-frame UV continuum emission (HST/WFC3 F160W). Symbols are the same as in Figure 4. The dashed black line indicates the one-to-one relation between Re, [CII] and Re, UV, and three dashed gray lines above this line represent Re, [CII]/Re, UV = 2,  4,  8. (Right) Same as the left panel, but [C II] line radius is compared to the rest-frame FIR emission, measured from the ALMA Band-7 continuum images (Mitsuhashi et al. 2024). On average, the [C II] sizes are larger than the rest-frame UV sizes by a factor of 2.90; compared to the rest-frame FIR sizes, they tend to be larger by a factor of 1.54 although with large uncertainties.

      

    

  
    
      Fig. 7. 
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        Real part of the stacked visibility (circles) and the residual visibility (diamonds) as a function of uv distances for single component (left) and double component (“galaxy” + “halo”; right) fittings. Average values of two types of binning (20 kλ and 100 kλ) are shown. Uncertainties represent a standard deviation of binned visibility data. The best-fit models are shown as a solid black line (total) and solid purple lines (each component). The flux and effective radius of the best-fit models are summarized at the upper right corners. At the smallest 20 kλ bin, the residual show an excess at 1.2σ and 0.7σ significance levels, which corresponds to 8.8% and 5.5% of the total flux density for single and double component fittings, respectively.

      

    

  
    
      Fig. 10. 

      
        [image: thumbnail]
      

      
        Radial profiles of the stacked [C II] line and FIR continuum emission. (Left) Normalized radial surface density profile of the uv-stacked image in [C II] line (Re, [CII] = 1.97 ± 0.17 kpc) and FIR continuum (Re, FIR = 1.53 ± 0.22 kpc) emission. The dotted lines show average surface density derived by setting random apertures on blank regions, which are also shown in color-shaded regions as uncertainties. The dashed black curve represents the clean PSF. The top axis is converted to a physical scale assuming an average redshift of z = 5.22 among the stacked sample. (Right) Absolute radial surface density profiles of the [C II] line and FIR continuum emission, in which the unit is converted to L⊙/kpc2. The solid black line shows the ratio between the [C II] line and IR emission (axis shown on the right hand side). As we do not see a strong radial variation in the [C II]-to-IR luminosity ratio, we suggest that the [C II] deficit is not responsible for the extended [C II] line emission.

      

    

  
    
      Fig. 11. 

      
        [image: thumbnail]
      

      
        [C II] surface density (top left), [C II]-to-IR surface density ratio (bottom left), and [C II]-to-UV size ratio (bottom right) of the CRISTAL galaxies as a function of the rest-frame EW of Lyα emission. The Lyα properties are taken from Faisst et al. (2020). The galaxies without dust continuum detection are denoted by open symbols. Small purple circles shown in the top left and bottom right panels are the ALPINE galaxies in which [C II] surface density, [C II]-to-UV size ratio (Fujimoto et al. 2020), and Lyα EW (Faisst et al. 2020) are available. We show the linear regression fitting (Table 1) in the solid black line, with the shaded region representing the 95% confidence interval. The p value of a Spearman’s rank correlation test is shown in the lower-left corner of each panel.

      

    

  
    
      Fig. A.1. 

      
        [image: thumbnail]
      

      
        Visualization of the visibility modeling of the [C II] line emission in images. The [C II] line contours are overlaid on the HST/WFC3 F160W image. The left panel shows the dirty image of a single cube used for the visibility modeling (Section 3.2). The FWHM of the dirty beam is shown as a white ellipse in the lower-left corner. The middle and right panel show the best-fit model and the residual created by subtracting the model from the data, respectively. A 5″×5″ region is shown. The contours start at 2σ and increase in steps of 3σ until 20σ.

      

    

  
    
      Fig. A.2. 
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        continued.

      

    

  
    
      Fig. C.1. 
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        Comparison of total flux (left), effective radius (middle), and axis ratio (right) measured from the visibility modeling using different datasets. A slope and p value based on a linear regression fitting are shown in the top-left corner of each panel. We exclude the galaxies with qALPINE = 1 for the fitting of minor-to-major axis ratio.
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