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Direct temperature map estimation in optical long baseline interferometry

We present a method to recontruct temperature map directly from spectro-interferometric data. It uses a sparse coding method to describe each pixel as a blackbody. Results are shown on the Herbig Be HD98922. Aside from recovering the mean environment temperature of 1654 K in agreement with the photometry, this technique allows us to study the temperature distribution in the first astronomical units around the star.

INTRODUCTION

The arrival on 2 nd generation beam combiners GRAVITY and MATISSE at the VLTI sheds light on the need of multispectral image reconstruction algorithm. Indeed, as they combine four telescopes with medium and high spectral resolution, it is now conceivable to use them as high spatial resolution integral field spectrograph by mean of image reconstruction. Image reconstruction is a very challenging problem. Recently, as part of the effort of the community to develop the research on multispectral image reconstruction the POLCA project gaves birth to three methods : MiRA3D, 1 PAINTER 2 and SPARCO. [START_REF] Kluska | Sparco: a semi-parametric approach for image reconstruction of chromatic objectsapplication to young stellar objects[END_REF] Spatio-spectral data cubes give very valuable astrophysical information such as velocity, abundance or temperature map. It is important to notice that this astrophysical information represents often few estimated parameters per pixel (e.g. dispersion and mean velocity, temperature, relative abundance of few chemical elements,. . . ) and lies only on a complex but small subset of the spectrum. Using this fact as priors to better constraint the reconstruction, we propose a new algorithm that provides directly a 2D map of parameters of astrophysical interest. In interferometry, such an idea was already implemented using CLEAN in the OYSTER package. [START_REF] Hummel | A novel imaging algorithm for broadband aperture synthesis data[END_REF] It is also behind the principle SPARCO 3 method that only estimates from interferometric data a 2D image and a parametric model with different spectral indexes. In the presented work, we describe a method to reconstruct the temperature map from the polychromatic interferometric measurements.

DICTIONARY BASED POLYCHROMATIC IMAGE RECONSTRUCTION

The interferometric image reconstruction consists in recovering the polychromatic object x given the interferometric measurements (i.e. in most cases: squared visibilities and phase closures). This object is discretized as a vector of K pixels and L wavelengths: x = (w 1,1 , . . . , w K,L ). Most algorithm solves this problem as a constrained minimization:

x

+ = arg min x≥0 (L(x) + µ R(x)) , s.t. ∀ , k x k, = 1. ( 1 
)
where L is a likelihood term ensuring that the model is in agreement with the data, R is a regularization function that enforces some priors and µ ≥ 0 an hyper-parameter. The constraints k x k, = 1 ensure the spatial normalization of x as the visibilities are intrinsically normalized in each spectral channel . In our approach, we assume that the spectrum x k of each pixel k can be described by a linear combination of few spectra given by the dictionary D such that x k = D α. In that case, the Equation 1 becomes a sparse coding problem:

5 x + = arg min x L(x) + γ k α k 1 s.t.    ∀ , k x k, = 1. x ≥ 0 ∀k, s × x k = D α k , (2) 
The 1 norm of α k acts as the regularization function R and is used to enforce its sparsity (i.e. most elements of α k are null). The level of sparsity is balanced by the hyper-parameter γ ≥ 0. As all spectral channels are normalized, the information about the relative flux between each channel is lost. Hence, each spectrum has to be rescaled by the spectrum s of the whole object before its decomposition on the dictionary. Following the framework developed for the MiRA3D 1 and PAINTER 2 algorithm, we solve Equation 2 using the Alternating Direction Method of Multipliers (ADMM).

RESULTS ON HD98922

Optical interferometry is the only mean to observe the central astronomical unit of the young objects. The study of the phenomena at this scale was the aim of a large observational program on 55 Herbig AeBe with VLTI/PIONIER conducted by J.-P. Berger in 2012/2013 (ID: 090.C-0963). 8 Among these stars, the observation of HD98922 has one of the best (u, v) coverage (see Figure 1). HD98922 is an interesting group II Herbig Be star having an SED suggesting a full disc without evidence for a gap. Its type is however not precisely known as indicated on Table 1. It was observed in the first two months of 2013 with the four 1.8 m Auxiliary Telescopes (ATs) of the Very Large Telescope using PIONIER 9 (see table 3), with using the low spectral resolution in H band with 3 spectral channels ()R ≈ 15). 

Building up the dictionary

We assume that the HD98922 SED is dominated by thermal emission and that its circumstellar disk can be modeled as a blackbody with spatially varying temperature. The dictionary D is thus built from a set of 500 spectra of black bodies ranging from 500 K to 20000 K.

No simultaneous spectrum of HD98922 was available to set the scaling vector s. To overcome that issue, we estimated the spectrum s such as the star (i.e. central pixel) had the theoretical spectrum given by its spectral type. Although the type of HD98922 is not precisely known, both types indicated in Table 1 (B9V and A5III) have a quasi identical spectra in H band. Consequently, we have made a reconstruction using the Kurucz spectrum 10 for a B9V of 10500 K with [F e/H] = 0 and log g = 4.

Temperature map reconstruction

A reconstruction (pixel size: 0.25 mas) was performed with γ = 10 -6 . After 200 iterations, the final reduced χ 2 was ≈ 1.2. The three reconstructed channels are shown Figure 2 to Figure 4.

Due to the sparsity constraint, for each pixel k the parameter α k have only very few non-zero elements. In practice, we noticed that for each pixel k, only one element was significativelly non-zero. As each column of the dictionary D are spectra of black bodies, the index of this non-zero element of α k gives directly a good estimate of the temperature of the object at pixel k. We are thus able to recover the temperature map in the first astronomical units around the star directly from the reconstruction without further processing. This temperature map is given on Figure 5. The disk parameters retrieved from this reconstruction are shown on Table 3. On the reconstructed image (Figure 2 to Figure 4) the disk is well resolved and its inner rim is clearly visible. From the temperature map on Figure 5 we estimated the relative flux of the disk of 0.66 and its mean temperature of 1654 K. That is consistent with a relative flux of 0.66 and a temperature of 1493 K estimated from photometric measurements. [START_REF] Lazareff | Few puffed-up rims found in large interferometric survey of herbig aebe stars[END_REF] In addition, some flux seems to be emitted from inside the cavity especially in the bluer part of the spectrum.

A reconstruction at such scale raises several new questions. Taking into account the geometry, one of the sides should be less bright. For the shortest wavelengths, it seems also that the flux emitted from inside the cavity may come from a gaseous internal disk.

CONCLUSION

This work illustrates perfectly the interest of the image reconstruction in interferometry for observing precisely the close environments of YSOs (≈ 1 UA). It provides a new way to estimate quantities of astrophysical interest (here the temperature map) directly from the data. It can be viewed as a generalization of the SPARCO method 3 with as much black-bodies as pixels. It is simpler and more robust than a classical image reconstruction followed by temperature estimation that can introduce additional errors and biases.

More generally it illustrates the potential of approaches based on dictionaries for all the hyperspectral instruments like integral-field spectrographs. Indeed, introducing into the dictionary spectra coming from different models will allow to rapidly discriminate the most probable model.
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 5 Figure 5. Recovered temperature map of HD98922
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 1 Possible types of HD98922

	Type Distance	T eff	ref.
	B9Ve 1150 930 360 A2III 507	10500 ± 500 Alecian et al. 6 9000 Hales et al. 7
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