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INTRODUCTION

The existence of chemical anomalies in field stars has been known for long, especially in the form of non-evolved or scarcely evolved stars on the Main Sequence (MS) and evolved Red Giant Branch (RGB) stars. While there is support in the literature that a small fraction, ∼ 1-13% of the present-day population of the stellar halo (Martell et al. 2016;Koch et al. 2019) of the Milky Way is filled of a unique collection of stars which are extremely common in clusters, and also characterised by distinctive chemical anomalies in a number of light elements, namely Al, N, Na and K with respect to Fe, and well above typical Galactic lev-els at a range of metallicities, to date a unifying explanation of the processes acting to produce such high levels of abundance anomalies or nucleosynthetic pathways in field stars remains elusive (Fernández-Trincado et al. 2016;Pereira et al. 2019;Fernández-Trincado et al. 2019c,a). Hence, the more common assumption is that the majority of such unexplained objects that reside in the field which replicate or exceed the extreme abundance patterns seen in GCs are commonly referred to as tidally-dissipated remmants of GCs (unless they are part of a binary system), as they have similar properties to that of the present day GCs (Martell et al. 2016;Schiavon et al. 2017;Fernández-Trincado et al. 2016, 2017, Figure 1. Kernel Density Estimation (KDE) of data displayed as a density colormap (panels a, b, c, d, and e), with a set of density contours as white dotted lines, whilst the colour indicates the probability density. The black unfilled star symbols refers to the abundance ratios ([X/Fe]spe) of the silicon-rich stars, whilst the black dotted line show the [X/Fe] pho abundance ratios (see Table 2). In (a) a shaded vertical area highlights the metallicity range (-1.2 < [Fe/H] < -0.9 dex) in which stars exhibit dramatic enhancement in silicon abundance, whilst the number of stars of each bin in the main body are shown at the center of the bin at the inner-bottom panel, and the black unfilled squares show the mean value of [Si/Fe] 2019a,b; Koch et al. 2019, among other), with only a handful of exceptions which are often associated to other stellar associations like dwarf galaxies (e.g., Hasselquist et al. 2019). Among the variety of objects with exotic chemical composition that populate Galactic GCs, stars with anomalously high levels of [Si/Fe] ratios ( +0.6, which we henceforth refer to as silicon-rich stars) among metalpoor stars are surely among those still presenting many riddles to astronomers. The Si overabundance of GCs stars can be produced, under some assumptions, i.e., the Mg-Si anti-correlation found in several GCs (Carretta & Bragaglia 2019) is of particular importance, because it pinpoint the "leakage" mechanism from Mg-Al cycle on 28 Si as the major source of the phenomenon, i.e., when the 27 Al(p,γ) 28 Si reaction takes over 27 Al(p,α) 24 Mg a certain amount of 28 Si is produced by p-captures (Karakas & Lattanzio 2003). However, temperatures in excess upwards of > 100MK are required to activate the relevant reactions attained in the polluters, which thus provide the overproduction of [Si/Fe] ratios (see e.g., Arnould et al. 1999), and apparently possible only among stars in a subset of GCs stars (Masseron et al. 2019). These silicon-rich stars apparently tend to form at all metallicities (Carretta & Bragaglia 2019), so it is probable that the polluting source is extant at all metallicities.

Thus, the task to identify of such kind of stars beyond GCs environments may reveal any chemical peculiarity and also allow to constraint the search for stellar tidal debris of defunct GCs in the (inner) stellar halo of the Milky Way, implying that 28 Si would be an important chemical specie for a genetic link to GCs stars, thus playing a role in determining whether light element anomalies arise from nuclear processing within evolved stars born within GCs environments or tied to a certain epoch in the Milky Way's evolution. It is also in line with previous suggestions that the (inner) stellar halo may have formed a non-negligible fraction of its mass ex situ, according to which these stars originate from the dissolution of a population of accreted GCs (Martell et al. 2016).

So far, stars with significantly enhanced aluminum paired with silicon enrichment have thus far only been identified in a few GCs environments (Masseron et al. 2019). The origin of such signs remain unknown, as does the reason for its apparent exlusivity to GCs environments. In this Letter we report on the serendipitous dis- covery by the Apache Point Observatory Galactic Evolution Experiment (APOGEE-2, Majewski et al. 2017) of a unique collection of mildly metal-poor field giant-stars, which exhibit Silicon overabundances ([Si/Fe] > ∼ + 0.6), significantly higher than typical Galactic abundances of [Si/Fe]< +0.5, which we hypothesized that all siliconrich stars were formed in GCs environments and were later lost to the field when the stellar clusters were ultimately disrupted and that also contributed to the (inner) stellar halo buildup.

DISCOVERY OF A NEW STELLAR SUB-POPULATION

We report the discovery of an unexpected and exceptional enhancement of [Si/Fe] abundance ratios among mildly metal-poor giant-stars ([Fe/H]< -0.7) in the Galactic field, which have been identified from the ∼ 270,000 APOGEE-2 giant-stars (14th data release of SDSS, Abolfathi et al. 2018), that exhibit significantly enhanced [Si/Fe] and [Al/Fe] abundance ratios. Since we are primarly interested in abundance anomalies of metal-poor stars, our focus in this work is on giantstars with metallicities [Fe/H] < -0.71 . We selected a sample of giant-stars, adopting conservative cuts on the columns of the APOGEE-2 catalogue in the following way: (i) S/N > 70 pixel -1 ; (ii) 3500 K <T eff < 6000 K; (iii) log g < 3.6; and (iv ) ASPCAPFLAG 2 = 0. Following the conventions in the literature (see e.g., Schiavon et al. 2017), we require non-enhanced carbon stars with [C/Fe] < +0.15, because such stars are commonly found in globular clusters, and the surface abundance of stars enhanced in carbon ([C/Fe]> +0.15) may have been modified by mass transfer from an AGB companions (e.g., Lucatello et al. 2006). The final sample so selected amounts to a total of 5,653 stars. The method in deriving atmospheric parameters and abundances is identical to that of Fernández-Trincado et al. (2019a) adopting the Brussels Automatic Stellar Parameter (BACCHUS) code [START_REF] Masseron | BACCHUS: Brussels Automatic Code for Characterizing High accUracy Spectra[END_REF]. The results are listed in Table 2.

boundaries, among other. Note-NgAl = astrometric n good obs al -chi2AL = astrometric chi2 al -Np = VISIBILITY PERIODS USED -Gmag = phot g mean mag -BPmag = phot bp mean mag -RPmag = phot rp mean mag. For each PM component we have accounted for the systematic uncertainty on the order of 0.035 mas yr -1 (Lindegren et al. 2018).

A new stellar sub-population was identified for searching for outliers in the [Si/Fe]-[Fe/H] abundance plane. We determined the boundary between these outliers and the Milky Way stars by identifying the trough in the [Si/Fe] distribution over 12 metallicity bins and performing a single gaussian component fit. We label all stars with [Si/Fe] abundance more than 3σ [Si/Fe] above the median [Si/Fe] abundance value of the corresponding iron bin as "silicon-rich" (see Figure 1). The bins were chosen to ensure that at least ∼100 stars were in each bin. This returns 36 stars that appear silicon-rich relative to the full data set. We then eliminate three known GCs stars from, leaving 33 silicon-rich candidates.

In order to confidently state chemical tagging results for this data set, we also require enhanced aluminum ([Al/Fe] > ∼ + 0.5), as a lower aluminum abundance is not by itself a sufficient indicator of a GC-like abundance pattern in the Galactic field. If high levels of Al enrichments are found, this would imply that such Si-Al-rich giant field stars and second-generation GCs stars could potentially be the same kind of stellar objedts, with similar nucleosynthetic histories. This leaves us with 11 likely Si-Al-rich red-giants with high-quality spectra and reliable parameters and abundances. It is to note that for the newly identified silicon-rich stars, there are no nearby GCs showing direct association, based on the chemical/dynamical properties. To further assess the statistical significance of the newly identified stellar sub-population, we ran a Kernel Density Estimation (KDE) over this sample, and compared them with the tail of the main Milky Way locus (silicon-normal stars), i.e., with some arbitrary local volume that contains some data points as illustrated in Figure 2. Finally, in Figure 2, we plot the KDE models over our data to demonstrate that there is a true low density valley separating the silicon-normal population from the silicon-rich population, it gives us an idea of the significance of our finding, which exceed the background level by a factor of ∼4, which is also significant as compared to the two arbitrary local volume of the entire sample. A set of contour lines is set to visual aid. From Figure 2, we can see how the local "silicon-rich" sample occupies a separate and significant locus of stars beyond [Si/Fe]> +0.5, which is not on the main bulk of the KDE of the entire sample.

A comparison is presented in Figure 3, where the spectra of a silicon-rich and a silicon-normal star are shown in the relevant wavelength range containing the Si I lines, indicated by vertical tick marks. The silicon-rich star has remarkably stronger Si I lines which, in view of the similarity between the two stars in all the other relevant parameters, can only mean that it has a much higher silicon abundance. Both ASPCAP (García Pérez et al. 2016) and our line-by-line manual analysis with BACCHUS tell us that [Si/Fe] in the silicon-rich star is higher than the silicon-normal star by ∼ 3.73σ. In doing chemical tagging in the disk (thick), we have moved past just asking whether stars could have formed in GCs, and now we are looking for ways to understand several different types of chemically anomalous stars.

RESULTS AND DISCUSSION

The Si overabundances reported here are significantly above the typical value measured in the Milky Way, and striking similar those observed in Galactic GCs environments. Table 2. Rows 1-13: Adopted atmospheric parameters of our target stars, frequency of observation per object (Nvisits), signal-to-noise (S/N), radial velocity (RV ) and radial velocity scatter information (RVSCAT T ER). The average value of the orbital elements (pericentric and apocentric radii, the maximum distance the orbit reaches above/below the Galactic plane, and the eccentricity was found for one million realizations, with uncertainty ranges given by the 16th (subscript) and 84th (superscript) percentile values. Rows 14-37: Mean elemental abundances derived of our target stars using the "abund" module in highest [Si/Fe] abundance ratios has been identified in the Galaxy, clumped at values [Si/Fe]∼ +0.82 ± 0.11 (which we henceforth refer to as silicon-rich stars), and clearly separated from the main body of silicon-normal stars for [Si/Fe]< +0.5. Regarding their metallicity distribution, the silicon-rich stars range between -1.2 < ∼ [Fe/H] < ∼ -0.9, with a mean value of [Fe/H] ±σ [Fe/H] = -1.07 ± 0.06, suggesting in fact a possible association with the thick disk or halo. If we make a simplistic assumption that Milky Way stars in that metallicity range can be modeled as a Gaussian with a mean of [Si/Fe] = 0.26 and σ [Si/Fe] = 0.11 (over 1458 stars in that iron bin), the probability of drawing a silicon-rich star ([Si/Fe]> 0.67) star at the same metallicity bin is <0.1 per cent (3.73σ). The probability of drawing a star of that metallicity with [Si/Fe]> 0.6 from the Galaxy population is small. As such, the next is devoted to exploring these object in more detail.

Figure 1(a) show the trend of [Si/Fe] with metallicity for accreted halo stars, canonical halo and thick disk stars with [Si/Fe]< +0.6 dex (silicon-normal stars), which appear to be very mixed according to Hawkins et al. (2015). Hence, the discovery of such silicon-rich stars, suggest that 28 Si might follow different nucleosynthesis pathway(s), and reveals a well-defined dichotomy between field giants and other Galactic environments (like GCs stars), and it is possible that such objects may represent a population for stars evaporated from GCs.

From Figure 1(e,f) we also note that silicon-rich stars exhibit slightly enriched levels of N and Mg than most Milky Way stars at the same metallicities, at least as far as observed dispersion are concerned, i.e., σ N = 0.09 dex and σ Mg = 0.07 dex, respectively, indicating a distinct formation history. In addition, there are chemistry similarities in [Mg/Fe] and [N/Fe] ratios between the siliconrich stars and the population of stars in the innermost regions of the Galactic halo. Thus, N and Mg affirm that the silicon-rich could be a sub-population of the same population as the high-Mg halo population (see, e.g., Hayes et al. 2018).

We emphasize that the enhanced abundances of [Si/Fe] in these objects is not only caused by the natural [Si/Fe] variations observed for field stars. To our knowledge, the only Galactic environments that contains a sufficient fraction of stars with a sufficiently enrichement in [Si/Fe] paired by the modest enrichment in [Al/Fe] are Galactic GCs (Masseron et al. 2019) at similar metalliticity. We conclude that it is difficult to explain high [Si/Fe] values of these sources with the typical history of silicon enrichment of the Galaxy.

Galactic orbits: We computed the more probable Galactic orbit for 8/11 silicon-rich stars. For this, we combine precise proper motions from Gaia DR2 (Lin-degren et al. 2018), radial velocity from APOGEE-2 (Nidever et al. 2015) and the inferred distances using StarHorse code (Queiroz et al. 2018), which include additionally the cuts (SH GAIAFLAG = '000' and SH OUTFLAG = '00000') described in Anders et al. (2019), as input data in the new state-of-the-art orbital integration package GravPot163 . Table 1 list the renormalised unit weight error (RUWE) and available distance for these sources from the gdr2 contrib.starhorse table, where the typical RUWE is less than or equal to 1.4, indicating that these sources are astrometrically wellbehaved.

Since the true Galactic potential is not accurately known in the inner Galaxy (< 0.5 kpc), the results of our simulations may depend significantly on the assumed model in the inner Galaxy, especially for those stars with orbital incursions closer to the Galactic centre, assuming a Ω bar = 43 km s -1 (Bovy et al. 2019). The silicon-rich stars are found to have radial orbits, with pericentre values less than 2 kpc, apocentre values ranging between 4-20 kpc, eccentricities larger than 0.5, and maximum vertical excursion from the Galactic plane ranging between 1.8-16 kpc. In Figure 4 and Table 2 we give for each silicon-rich star some orbital parameters; we refer the reader to Fernández-Trincado et al. (2019a) to details regarding to all the parameters employed in our Galactic model. We find that these are not stars that lives in the inner Galaxy, and therefore those identified toward the bulge region are likely halo intruders into the Galactic bulge. Most of the silicon-rich stars exhibit retrograde orbits, and have halo-like orbits, characterised by high eccentricities (e > 0.5). It is important to note that the large spread in the apocenter distance, in addition of stars having a prograde or a retrograde sense (see Figure 4c) with respect to the rotation of the bar, suggest that they cannot have a common origin (unless they were released from their parent at a very different time). In this sense, the predict orbits would suggest that most of these stars were likely formed during the very early stages of the evolution of the Milky Way, in a similar way as Galactic GCs. These dynamical properties accompanied by the large enrichment in Si, as well as the modest enhancement in Al, and the no evidence for an intrinsic Fe abundance spread (< 0.06 dex), reveal that these objects were likely born from the same molecular cloud and later accreted during the initial phases of Galaxy assembly and contributed to the old stellar populations of the inner-stellar halo. In general, the evidence for a high [Si/Fe] peak might plausibly be explained by a previous accretion event in the Milky Way.

However, the level of Al enhancement observed in this new sub-population provide evidence that such stars are not from a dissolved dwarf galaxy (see e.g., Hasselquist et al. 2019).

A globular cluster origin

We speculate that some of the silicon-rich stars found in the inner Galaxy could be the remnant of a tidally disrupted in-falling GCs. Figure 5 presents some the light and s-process element patterns of the eleven star candidate pool identified of Si enhanced stars compared with those obtained from a run of BACCHUS for GCs stars (see eg., Masseron et al. 2019) at the similar metallicity as our sample. Interestingly, similar Silicon enhancements have been detected in Galactic GCs (Masseron et al. 2019) Also in these cases, abundances of elements other than Silicon are similar to the observed for similar giantstars. Remarkably, most of the newly identified siliconrich field stars exhibit light-/heavy-element abundances similar to the typical Galactic GCs. It provides some clues either for the uniqueness of the progenitor stars to GCs, and is very likely that whatever process is responsible for such level of [Si/Fe] enhancement observed in the Galactic field appear to be similar from whatever caused the unusual stellar populations in GCs. Similar to our silicon-rich stars, some Galactic GCs also exhibit interesting enrichment in s-process elements (e.g., Masseron et al. 2019) and anomalously high levels of Aluminum, Silicon, Cerium, and modest enrichment in Magnesium. In fact, most of the stars in our sample replicate (or exceed) the extreme abundance patterns of Galactic GCs, highlighting the uniqueness of these environments, as seen in Figure 5. That is because it is very likely that silicon-rich stars are proposed to have been gestated in similar molecular clouds as Galactic GCs, thus sharing their environmental origin. However, it is less obvious in the [N/Fe]-[Al/Fe] plane, where the bulk of stars in Galactic GCs environments follow a clear correlation between [N/Fe] and [Al/Fe] (depending on the cluster or data set), this plot indicates that the GCs stars follow a slightly different N-Al enrichment that run parallel to those observed in the silicon-rich stars. It is important to note that silicon-rich stars were indeed discovered in GCs and in the inner stellar halo of the Milky Way (this study), but it is noteworthy that none so far has been identified in the disk of the Galaxy.

Polluter candidates

The origin of silicon-rich stars can be ascribed to different processes. If we allow a brief venture into the realm of speculation, it could be possible that mildly metal-poor giant-stars with Si overabundance could also originate through gas already strongly enriched from massive super novae (M> 20 M ), pair-instability su- pernova (PISNs), hypernovae (with stellar progenitors masses greater than > 140 M ), and/or faint supernovae (see Nomoto et al. 2013), however many of these events involve the total destruction of the star, with not remnant left behind (Kemp et al. 2018). Thus, the anomalously high levels of [Si/Fe] may be a result of the huge masses of processed material released from explosive nucleosynthesis of core-collapse supernovae (SNe II) events, which can explain the abundance feature of the silicon-rich giants. However, with the limited chemical species available in this study a single source of pollution is probably not enough to fit all the multi-elements observations. More stringent conclusions will be drawn when the full set of light-/heavy-elements will be available.

Lastly, combining the absence of radial velocity variation (RV SCAT T ER < 0.5 km s -1 as listed in Table 2), and Silicon overabundance, does not provide enough information to support any hypothesis of such objects possibly being formed in a binary system.

Conversely, the population of silicon-rich GC stars have been understood by invoking an internal production of Si, which is likely due to the increased leakage from Mg-Al cycle on 28 Si, i.e., when the 27 Al(p,γ) 28 Si reaction takes over 27 Al(p,α) 24 Mg a certain amount of 28 Si, thus produced by proton-captures (Karakas & Lattanzio 2003). This overproduction of Si occurs typically at temperatures > 100 MK (Arnould et al. 1999), in a similar way as have been recently detected in GCs stars (Masseron et al. 2019;Carretta & Bragaglia 2019). The fact that the leakage from Mg-Al cycle on 28 Si is apparently confined to GC environments implies that the process responsible for field stars with enhanced silicon may be tied to a certain epoch in the Milky Way's evolution similar to GCs stars at similar metallicity.

CONCLUDING REMARKS

In conclusion, we find evidence of an unique collection of eleven mildly metal-poor giant-stars that display with an unexpected and exceptional anomalously high levels of [Si/Fe] (> +0.6, which we henceforth refer to as silicon-rich stars), peaking at [Fe/H]∼ -1.07. In principle, this new sub-population form a distinct track in abundance plane, different from the Milky Way's field stars, supporting the identification of a separate origin. Here, we speculate that such stars could be former members GCs that still exist, or ancient clusters that were tidally disrupted. Whether these objects are mostly some of the oldest stars in the Milky Way is still yet to be determined.

Furthermore, our dynamical study indicate that most of the silicon-rich stars selected so far possess halo-like and retrograde orbits passing through the bulge and disk of the Milky Way, which suggest that silicon-rich stars among field stars are either good candidates to be escaped GCs stars and/or the debris clues of GCs born in dwarf galaxies accreted to the Milky Way and that eventually got dissolved, spraying its stars across the Milky Way halo [START_REF] Zinn | The Globular Cluster-Galaxy Connection[END_REF]Majewski et al. 2012;Kruijssen et al. 2019), however in this second . We speculate that this new stellar sub-population we discovered in the inner stellar halo may thus be the tracers of a global phenomenon where these stars were necessarily formed in Galactic GCs and were later lost to the field, such as ω Centauri (Ibata et al. 2019). However, a future inventory of the chemistry of these objects, in particular, the elements formed by neutron-capture processes, would hint at their origin, and possibly help confirm or refute the association with Galactic GCs stars. 

  Figure 1. Kernel Density Estimation (KDE) of data displayed as a density colormap (panels a, b, c, d, and e), with a set of density contours as white dotted lines, whilst the colour indicates the probability density. The black unfilled star symbols refers to the abundance ratios ([X/Fe]spe) of the silicon-rich stars, whilst the black dotted line show the [X/Fe] pho abundance ratios (see Table 2). In (a) a shaded vertical area highlights the metallicity range (-1.2 < [Fe/H] < -0.9 dex) in which stars exhibit dramatic enhancement in silicon abundance, whilst the number of stars of each bin in the main body are shown at the center of the bin at the inner-bottom panel, and the black unfilled squares show the mean value of [Si/Fe] by bin, and the white line-segment indicate the selection criteria where [Si/Fe] > [Si/Fe] + 3σ [Si/Fe] . The error bars are estimates of the uncertainties (σ total = σ 2 [X/H],T eff + σ 2 [X/H],logg + σ 2 [X/H],ξ t + σ 2 mean ) computed at the same way as Fernández-Trincado et al. (2019a).

Figure 2 .

 2 Figure 2. Kernel Density Estimation (KDE) models in the [Si, Al/Fe] plane for the entire sample (white dashdot contour) in the metallicity range -1.2 < [Fe/H] < -0.9 compared to the KDE models of two arbitrary local volume that contain some data points (black line contours), and the KDE of the New Stellar Sub-Population (white line contour). The colour indicates the significance of each local volume as compared to the back ground level.

Figure 3 .

 3 Figure 3. Comparison between the APOGEE-2 spectrum of a normal (red line, star: 2M14424814+4653219, T eff = 4346 K, log g=1.66, [Fe/H]= -1.19, [Si/Fe]= +0.25) and a silicon-rich giant star (black line, star: 2M19281906+4915086, T eff = 4309 K, log g=1.71, [Fe/H]= -1.20, [Si/Fe]= +0.65) around the Si I lines, with similar stellar parameters.

3. 1 .

 1 Figure 1 (top panel) tantalizingly suggest that a new sub-population of stars chemically differentiated by their

  BACCHUS code, adopting the atmospheric parameters from ASPCAP/APOGEE-2 (abundances labeled as [Fe/H]sp and [X/Fe]sp) and atmospheric parameters from photometry and isochrones (abundances labeled as [Fe/H]pho and [X/Fe]pho). The Solar reference abundances are from (Asplund2005). The BACCHUS pipeline was used to derive the broadening parameters, metallicity, and chemical abundances.

Figure 4 .

 4 Figure 4. Orbital parameters of the silicon-rich stars. In panel (a), the shaded region and the black dotted line indicates the radius (3 kpc; Barbuy et al. (2018)) of the Milky Way bulge, whilst the blue line indicate the location of the bar's corotation radius (CR ∼ 6.5 kpc), a star below the black dotted line would have a bulge-like orbit. In panel (b), the black dotted line represent the edge Zmax of the thick disk (∼3 kpc, Carollo et al. (2010)). In panel (c), the black dotted lines divide the regions with prograde orbits (region II ) with respect to the direction of the Galactic rotation, retrograde orbits (region I ), and stars that have prograde-retrograde orbits at the same time (region III ). The error bars show the uncertainty in the computed orbital parameters.

Figure 5 .

 5 Figure 5. M5 and M107 cluster stars from (Masseron et al. 2019) are shown as filled grey dots in the Si-Al, Mg-Al, N-Al, and Ce-Al planes. The crosses indicate typical error bars. The Si-Al-rich stars are indicated with blue 'star' symbols.

Table 1 .

 1 Renormalised unit weight error (RUWE) for 8 out of 11 Silicon-rich stars astrometrically well-behaved, and good inferred distances using

	StarHorse

By requiring metallicity more metal-poor than -0.7 we minimize the presence of giants in the thin and thick disk, and by imposing a lower limit on metallicity of -1.8, allow for the inclusion of stars with reliable carbon and nitrogen abundances (seeFernández-Trincado et 

al. 2019a, and reference therein) 2 This cut ensure that there were no major flagged issues, i.e., low S/N, poor synthetic spectral fit, stellar parameters near grid
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