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Abstract

:

Observations of diffuse starlight in the outskirts of galaxies are thought to be a fundamental source of constraints on the cosmological context of galaxy assembly in the   Λ  CDM model. Such observations are not trivial because of the extreme faintness of such regions. In this work, we investigated the photometric properties of six massive early-type galaxies (ETGs) in the VST Elliptical GAlaxies Survey (VEGAS) sample (NGC 1399, NGC 3923, NGC 4365, NGC 4472, NGC 5044, and NGC 5846) out to extremely low surface brightness levels with the goal of characterizing the global structure of their light profiles for comparison to state-of-the-art galaxy formation models. We carried out deep and detailed photometric mapping of our ETG sample taking advantage of deep imaging with VST/OmegaCAM in the g and i bands. By fitting the light profiles, and comparing the results to simulations of elliptical galaxy assembly, we have identified signatures of a transition between relaxed and unrelaxed accreted components and can constrain the balance between in situ and accreted stars. The very good agreement of our results with predictions from theoretical simulations demonstrates that the full VEGAS sample of    ∼ 100    ETGs will allow us to use the distribution of diffuse light as a robust statistical probe of the hierarchical assembly of massive galaxies.
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1. Introduction


Theories of galaxy formation within the currently accepted   Λ   Cold Dark Matter cosmological paradigm predict that galaxies grow through a combination of in situ star formation and accretion of stars from other galaxies [1]. The ratio of stellar mass contributed by these two modes of growth is expected to change systematically over the lifetime of a galaxy as its dark matter halo and star formation efficiency evolve (e.g., [2]). Accreted stars are expected to dominate in the outer parts of galaxies because they have much lower binding energies in the host galaxy than stars formed by dissipative collapse. Since dynamical timescales are long in these outer regions, phase-space substructures related to accretion, such as streams and caustics, can persist over many gigayears.



The structural properties of the outer parts of galaxies and their correlations with stellar mass and other observables might therefore provide ways of testing theoretical predictions of growth by accretion. In this paper we use extremely deep images of six massive early-type galaxies (ETGs) from the VEGAS survey (described below) to constrain the properties of their accreted stellar components.



In ETGs the connections between different mechanisms of mass growth and the ’structural components’ inferred from images are not straightforward. If the bulk of the stars are really accreted, then the accreted component (or ’spheroid’ or ’classical bulge’) should be identified with at least the structural component that dominates the observed stellar mass. However, other empirical ’components’ might also be accreted. In situ stars in ETGs are extremely difficult to distinguish if the also follow a spheroidal, dispersion supported spatial distribution and have old, metal-rich stellar populations resembling those of the dominant accreted component(s) with which they have been thoroughly mixed by violent relaxation.



Cosmological dynamical simulations can help by suggesting plausible interpretations for features in the surface brightness profiles of ETGs in the context of specific galaxy formation theories. In particular, simulated galaxies show evidence of substructure in the form of inflections (’breaks’), at which the surface brightness profile either becomes steeper or shallower (e.g., [3,4]). These inflections also correspond to variations in the ratio between individual accreted components as a function of radius [5,6,7].



Using different techniques with observations of different depths, several authors have concluded that the profiles of massive ETGs are not well described by a single Sérsic    r  1 / n     law component, once thought to be near universal for spheroidal galaxies. Taking advantage of the wide field of view and high spatial resolution of the VLT Survey Telescope (VST; [8]) at the ESO Cerro Paranal Observatory (Chile), we carried out deep and detailed photometric mapping of six massive early-type galaxies (ETGs) in the VEGAS sample.




2. The VEGAS Survey


The VST Elliptical GAlaxies Survey (VEGAS, [9]) is a deep multi-band (g, r, i) imaging survey of early-type galaxies in the southern hemisphere carried out with VST at the ESO Cerro Paranal Observatory (Chile). The large field of view (FOV) of the OmegaCAM mounted on VST (one square degree matched by pixels 0.21 arcsec wide), together with its high efficiency and spatial resolution allows us to map with a reasonable integration time the surface brightness of a galaxy out to isophotes encircling about 95% of the total light.



The expected depths at a signal-to-noise ratio (S/N) of >3 in the g, r, and i bands are 31, 28, and 27 mag/arcsec    2   , respectively. The main science goals of the VEGAS survey are: (1) to study the 2D light distribution out to at least ∼10 effective radii,    R e   , focusing on the galaxy structural parameters and the diffuse light component, highlighting the presence of inner substructures as a signature of recent cannibalism events and/or inner discs and bars fuelling the active nucleus that is present in almost all objects of our sample; (2) to map the surface brightness profile and isophote geometry out to 10    R e    or more; (3) to analyse the colour gradients and their connection with galaxy formation theories, also taking advantage of stellar population synthesis techniques; (4) to study the external low surface brightness structures of the galaxies and the connection with the environment; (5) to make a census of small stellar systems (GCs, ultra-compact dwarfs and galaxy satellites) out to ∼20 Re from the main galaxy center, and their photometric properties (e.g., GC luminosity function and colors, and their radial changes out to several Re), allowing us to study the properties of GCs in the outermost “fossil” regions of the host galaxy.



The data used in this work consist of exposures in g and i SDSS bands obtained with VST + OmegaCAM, both in service and visitor mode, for six giant ETGs: NGC 3923, NGC 4365, NGC 5044 and NGC 5846, and those of NGC 4472 and NGC 1399 (published by Capaccioli et al. [9] and Iodice et al. [10], respectively). More details about the observing strategy can be found in Spavone et al. [11] and in Section 5.




3. Fitting the Light Distribution


Since there is considerable evidence in the literature that the light profiles of many of the most massive ETGs are not well fitted by a single Sérsic law and at least one additional component is needed [12,13], our analysis focusses on the fit of projected one-dimensional (ellipsoidally averaged) surface brightness profiles of our sample galaxies (see Section 5 for details).



We adopt an empirically motivated, two-component approach most common in the literature, as well as an alternative approach, which is motivated by the predictions of numerical simulations, in which we fitted the surface brightness profiles of our galaxies with three components: two dominant Sérsic components and an outer exponential component.



Theoretical models suggest that massive ETGs accumulate the bulk of their stellar mass by accretion. For this reason, the accreted component in these galaxies should be identified with the component dominating the stellar mass. From an observational point of view, it is not straightforward to separate the in situ and the accreted component in ETGs, since they have similar physical properties and are well mixed together. The overall profile is comprised of different contributions and for this reason theory suggests that the surface brightness profile of ETGs should be described by the superposition of different components.



3.1. Two Components Fits


We first present models of the surface brightness profiles of galaxies in our sample with a double Sérsic law [14,15],


   μ  ( R )  =  μ e  + k  ( n )      R  r e     1 / n   - 1  ,   



(1)




where    k ( n ) = 2.17 n - 0.355   , R is the galactocentric radius, and    r e    and    μ e    are the effective radius and surface brightness. We found that this model converges to a best-fit solution with a physically meaningful value for only two galaxies, NGC5044 and NGC 5846. For the cases in which our double-Sérsic fit did not converge, we imposed an exponential profile   ( n = 1 )   on the outer component, given by the equation


   μ  ( R )  =  μ 0  + 1.086 × R /  r h  ,   



(2)




where    μ 0    and    r h    are the central surface brightness and exponential scale length, respectively. The result of these fits and their residuals are shown in Figure 1.



We found that the inner components of each fit have effective radii     r e  ∼   5–25 kpc (45–202 arcsec), with an average value of     r e  ∼   12 kpc, and Sérsic indices    n ∼   3–6, with an average value of    n ∼   4.3. These values are consistent with those reported by Gonzalez et al. [16] and Donzelli et al. [12], who for their samples of BCGs found     r e  ∼   5–15 kpc and    n ∼   4.4.



The relative contribution of the outer halo with respect to the total galaxy light (   f h   ) estimated from these our two component fits, ranges between 27% to 64%. Since there is no clear reason to believe that in massive elliptical galaxies the outer component in a fit such as this accounts for most of the accreted mass, these halo mass fractions should be considered a lower limit for the total accreted mass.




3.2. Three Components Fits


Numerical simulations predict that stars accreted by BCGs account for most of the total galaxy stellar mass (∼90% on average), while in situ stars significantly contribute to the surface brightness profile only out to    R ∼   10 kpc [3,4,17]. The overall accreted profile is built up by contributions from several significant progenitors. For this reason, theory suggests that the surface brightness profile of an ETG should be well described by the superposition of an inner Sérsic profile representing the (sub-dominant) in situ component in the central regions, another Sérsic profile representing the (dominant) superposition of the relaxed, phase-mixed accreted components, and an outer diffuse component representing unrelaxed accreted material (streams and other coherent concentrations of debris), which does not contribute any significant surface density to the brighter regions of the galaxy.



Following these theoretical predictions, we described the surface brightness profiles of our six galaxies with a three-component model: a Sérsic profile for the centrally concentrated in situ stars, a second Sérsic for the relaxed accreted component, and an exponential component for the diffuse and unrelaxed outer envelope. To mitigate the degeneracy in parameters and provide estimates of accreted components that are closely comparable to the results of numerical simulations, we fixed    n ∼   2 for the in situ component of our three-component fits [3]. This value has been chosen because it is a representative value from the simulations. The results of these fits are shown in Figure 2. Looking at the rms scatter   Δ  , of each fit, we can clearly see that by adding the third component we achieve an improvement of at least 10% for each galaxy.



From this plot it appears that, as argued by Cooper et al. [17], the radius    R  t r     identified in Figure 1 marks the transition between different accreted components in different states of dynamical relaxation, rather than that between in situ and accreted stars.





4. Comparison With Theoretical Predictions for Accreted Mass Fractions


In the previous section, we identified inflections in the surface brightness profiles of galaxies in our sample that may correspond to transitions between regions dominated by debris from different accreted progenitors (or ensembles of progenitors) in different dynamical states. From our fitting procedure, we estimated the contributions of outer exponential ’envelopes’ to the total galaxy stellar mass (derived by using colours), which range from 28% to 60% for the galaxies in our sample, and the fraction of total accreted mass, which range from 83% to 95%.



In Figure 3 we compare the accreted mass ratios we infer from our observations (filled red triangles) with other observational estimates for BCGs by Seigar et al. [13], Bender et al. [18] and Iodice et al. [10], theoretical predictions from semi-analytic particle-tagging simulations by [3,17], and the Illustris cosmological hydrodynamical simulations [4]. We find that the stellar mass fraction of the accreted component derived for galaxies in our sample is fully consistent both with published data for other BCGs (despite considerable differences in the techniques and assumptions involved) and with the theoretical models by [3,17].



In Figure 3 we also compare the stellar mass fractions obtained for the outermost exponential component of our multicomponent fit (open red triangles) with the mass fraction associated with unbound debris streams from surviving cluster galaxies in the simulations of Cooper et al. [17]. We found that the mass fraction in this component of our fits is consistent with these values from the simulations, suggesting that such components may give a crude estimate of the mass distribution associated with dynamically unrelaxed components originating from disrupting or recently disrupted galaxies, as argued by Cooper et al. [17].




5. Materials and Methods


The data used were collected with the VST/OmegaCAM in March and April of 2015 within the Italian Guaranteed Time Observation (GTO). This work is based on visitor mode observations taken at the ESO La Silla Paranal Observatory within the VST Guaranteed Time Observations, Programme IDs 090.B-0414(D), 091.B-0614(A), 094.B-0496(A), 094.B-0496(B), 094.B-0496(D) and 095.B-0779(A).



The VEGAS survey and the data reduction procedure adopted in this work are described in details by Capaccioli et al. [9] and Spavone et al. [11]. The background estimate and subtraction is the most critical operation in deep photometric analysis because it affects the ability of detecting and measuring the faint outskirts of galaxies. For this reason we decided to adopt a step-dither observing strategy for galaxies with large angular extent, consisting of a cycle of short exposures centred on the target and on offset fields (   Δ = ± 1    degree). With such a technique the background can be estimated from exposures taken as close as possible, in space and time, to the scientific images. This ensures better accuracy, reducing the uncertainties at very faint surface brightness levels, as found by Ferrarese et al. [20]. This observing strategy allowed us to build an average sky background of the night, which was subtracted from each science image.



The isophotal analysis has been performed on the sky-subtracted mosaics in both the g and i bands, where all the bright sources have been masked. We used the IRAF1 task ELLIPSE to extract azimuthally averaged intensity profiles in elliptical annuli out to the edges of the frame.



To fit the light distribution of our galaxies, we adopt the same approach described by Seigar et al. [13] and performed least-square fits using a Levenberg–Marquardt algorithm, in which the function to be minimized is the rms scatter, defined as    Δ =     ∑  i = 1  m   δ  i  2   m     , where m is the number of data points and    δ i    is the ith residual. In all the fit presented above, the innermost seeing-dominated regions (∼   1.5 × F W H M   ), indicated with dashed lines, were excluded.




6. Conclusions


We have presented new deep photometry in the g and i bands for six giant ETGs in the VST Early-type Galaxy Survey (VEGAS): NGC 1399, NGC 3923, NGC 4365, NGC 4472, NGC 5044, and NGC 5846. In particular, we studied the shapes of their surface brightness profiles to obtain evidence of structural variations that may constrain their assembly history.



Our analysis suggests that the surface brightness profiles of the galaxies in our study are best reproduced by multicomponent models. We took two approaches to constructing such models. We Adopt an empirically motivated, two-component approach most common in the literature, as well as an alternative approach, which is motivated by the predictions of numerical simulations, in which we fitted the surface brightness profiles of our galaxies with three components: two dominant Sérsic components and an outer exponential component. To mitigate some of the degeneracy in this approach, we fixed the Sérsic index of the inner component to a representative value from simulations. Compared to the traditional empirical fit, this approach allows us to make a more meaningful estimate of the total contribution of accreted stars.



The mass fractions in the exponential components of our two-component profile decompositions are in good agreement with the mass fractions associated with streams from surviving galaxies in the simulations of Cooper et al. [17]. This suggests these outer exponential components may give a crude estimate of the stellar mass fraction associated with recently disrupted galaxies. We find values for this fraction ranging from 28% to 64%.



For all the galaxies in our study we can identify at least one inflection in the surface brightness profile. These inflections occur at very faint surface brightness levels (   24.0 ≤  μ g  ≤ 27.8    mag/arcsec    2   ). They appear to correlate with changes in the trend of ellipticity, position angle, and colour with radius, where the isophotes become flatter and misaligned and the colours become bluer beyond the inflections (see Spavone et al. [11] for details). This suggests that these inflections mark transitions between physically distinct components (or ensembles of similar components) in different states of dynamical relaxation.



It is encouraging that we see a variety of profile inflections in our photometric investigation of this small subset of the VEGAS sample and that these are broadly consistent with the expectations of state-of-the-art theoretical models. Our results suggests that with the complete sample of extremely deep surface brightness profiles from the full survey, we will be able to investigate the late stages of massive galaxy assembly statistically, thereby distinguishing dynamically evolved systems from those that are still reaching dynamical equilibrium and probing the balance between in situ star formation and accretion across a wide range of stellar mass. This is a promising route to constraining cosmological models of galaxy formation such as those we have compared with here, which predict fundamental, relatively tight correlations between the present-day structure of massive galaxies and the growth histories of their host dark matter halos.
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Figure 1. VST g-band profiles of NGC 1399, NGC 3923, NGC 4365, NGC 4472, NGC 5044, and NGC 5846 plotted on a logarithmic scale. The blue line is a fit to the outer regions with an exponential component, for NGC 1399, NGC 3923, NGC 4365, and NGC 4472, and with a Sérsic component for NGC 5044 and NGC 5846. The magenta line is a fit to the inner regions with a Sérsic profile, and the black line is the sum of the components in each fit. The dashed lines indicate the core of the galaxy (   1.5 × F W H M   ), which was excluded in the fit, and the transition point between the two components, respectively. 
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Figure 2. VST g band profiles of NGC 1399, NGC 3923, NGC 4365, NGC 4472, NGC 5044, and NGC 5846, fitted with a three-component model motivated by the predictions of theoretical simulations. 
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Figure 3. Accreted mass fraction vs. total stellar mass for early-type galaxies (ETGs). Our VST Elliptical GAlaxies Survey (VEGAS) measurements are given as red filled and open triangles (see text for details). Black circles correspond to other BCGs from the literature [10,13,18]. Pink points are for NGC1316 [19]. Red and blue regions indicate the predictions of cosmological galaxy formation simulations by [3,17] and Rodriguez-Gomez et al. [4], respectively, while grey points are from Cooper et al. [3]. Purple-grey points (between    3 ×  10 12     and    7 ×  10 12     solar masses) show the mass fraction associated with the streams from Table 1 in Cooper et al. [17] for comparison to the observations shown by open symbols. 
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