PROCEEDINGS

oF SCIENCE

[/~ ICRC 2021

) THE ASTROPARTICLE PHYSICS CONFERENCE
x Berlin | German: y

- Ly lﬂ.l e

Characterizing y-ray sources with HAL (HAWC
Accelerated Likelihood) and 3ML

Chad Brisbois“* on behalf of the HAWC Collaboration
(a complete list of authors can be found at the end of the proceedings)

“University of Maryland College Park,
College Park, MD, USA

E-mail: chadb@umd.edu

The open-source Multi-Mission Maximum likelihood (3ML) Framework allows for the common
analysis of diverse datasets. The ability to consistently fit and characterize astronomical data
across many decades in energy is key to understanding the origin of the emission we measure with
many different instruments. 3ML uses plugins to encapsulate the interfaces to data and instrument
response functions. The user can then define a model with one or multiple sources to describe a
given region of interest. The model is fit to the data to determine the locations, spatial shapes,
and energy spectra of the sources in the model. The High Altitude Water Cherenkov (HAWC)
Observatory, a wide FoV instrument sensitive to energies from 300 GeV to above 100 TeV, has
used 3ML for data analysis for several years using a plugin optimized for single source analysis.
As multisource fitting became more common, a faster plugin was required. Spectral fits to the
Crab Nebula and the nearby source HAWC J0543+233 obtained using HAL, the HAWC plugin
for 3ML, will be presented.
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1. Introduction

The Multi-Mission Maximum Likelihood (3ML) framework! enables multiwavelength data
analysis in a statistically consistent way across a wide range of energies [1]. Combined with the
3ML affiliated astromodels? package allows the arbitrary definition of one or more sources and their
spectra in a flexible way that enables multisource fits to be performed with relative ease. 3ML has
plugins for many instruments: HAWC, Fermi-LAT, Swift XRT, all OGIP compliant instruments,
POLAR, VERITAS, INTEGRAL/SPI, and KONUS. These allow for an analysis to incorporate
information from a wide range of energies so that the best understanding of a source or region in
the sky can be reached.

The use of 3ML has been ubiquitous within HAWC for several years. The HAWC plugin
for 3ML was originally developed as an internal software tool that was largely inaccessible to
those outside the collaboration. However the 3ML framework was heavily embedded in important
HAWC analyses [2]. Giacomo Vianello was a HAWC member and wrote the original code for
HAWC Accelerated Likelihood (HAL)3.

2. Motivation

The previous HAWC plugin, called HAWCLike, was written in C++ and was largely restricted
to internal use, with some exceptions when the publication required it (see for example [2]).
HAWCLike was built on top of an internal framework called LiFF [3]. HAWCLike used spherical
harmonics to handle the convolution of the model into the HEALPix projection of the sky in the
region of interest in a particular study [3, 4]. However, as fits in more complicated regions of the
galaxy needed to be performed, its performance was insufficient for many parameter fits (either many
sources or elaborate morphology and spectra). Therefore a new plugin, called HAWC Accelerated
Likelihood (HAL), was written in Python. It kept many of the features of the old plugin, and made
3 specific design changes to increase performance by nearly an order of magnitude.

* Perform convolution using Fast Fourier Transforms on a plane projection of the HEALPix
grid

* Only reconvolve sources that changed in the previous iteration
* Speed up the evaluation of the likelihood function itself (for example by dropping the factorial

term)

3. Demonstration

Using the public HAWC dataset*, we begin a demonstration of a simple fit to the Crab Nebula,
and then to the Crab Nebula with the addition of HAWC J0543+233 [5]. This will show some of

Thttps://github.com/threeML/threeML
2https://github.com/threelML/astromodels
3https://github.com/threeML/hawc_hal
4https://data.hawc-observatory.org/datasets/crab_data
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the capabilities of HAL, so that users of future HAWC data releases will be able to understand and
interpret the output.

First, fitting to the Crab nebula, we define a point source using the following code example
(taking the position from [6]), another example of which can be found in the HAL. README file.

# without units energies are in keV

fluxUnit = 1/(astropy.u.TeV * astropy.u.cm ** 2 * astropy.u.s)
crab_spectrum = astromodels.Log_parabola()
crab_source = threeML.PointSource("crab", ra=ra_crab, dec=dec_crab,

spectral_shape=crab_spectrum)

crab_spectrum.piv = 7 * astropy.u.TeV
crab_spectrum.piv.fix = True

crab_spectrum.K = le-14 * fluxUnit
crab_spectrum.K.bounds = (le-35, 1le-10) * fluxUnit

crab_spectrum.alpha = -2.5 # log parabolic alpha (index)
crab_spectrum.alpha.bounds = (-4., 2.)

crab_spectrum.beta = 0.0 # log parabolic beta (curvature parameter)
crab_spectrum.beta.bounds = (-4., 2.)

The fit then proceeds to find the parameters crab spectrum which are shown in Table 1. We
then define a second model with both the crab and HAWC J0543+233 in it. Below we only show
the definition of the model for HAWC J0543+233, with seed values taken from [5], as the Crab
Nebula model has already been shown above.

hawcj0543_spectrum = astromodels.Powerlaw()

hawcj0543_shape = astromodels.Gaussian_on_sphere ()

hawcj0543_source = threelML.ExtendedSource("HAWC_J0543p233", spatial_shape=
hawcj0543_shape, spectral_shape=
hawcj0543_spectrum)

hawcj0543_spectrum. index.value = -2.3

hawcj0543_spectrum. index.bounds = (-5.0 , -0.5)
hawcj0543_spectrum.index. fix = False
hawcj0543_spectrum.K.value = 7.9e-15 * fluxUnit
hawcj0543_spectrum.K.bounds = (le-35 , 1le-10) * fluxUnit
hawcj0543_spectrum.K. fix = False
hawcj0543_spectrum.piv.value = 7.0 * astropy.u.TeV
hawcj0543_spectrum.piv. fix = True

hawcj0543_shape.lon0.value = ra_hawcj0543 * astropy.u.degree
hawcj0543_shape.lat0.value = dec_hawcj0543 * astropy.u.degree
hawcj0543_shape.lon0. fix = True

hawcj0543_shape.lat0. fix = True
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hawcj0543_shape.sigma.value. =
hawcj0543_shape.sigma.bounds. =

1.0 *
(0.2,

astropy.u.degree

20.0)

When fit either way the Crab, being very significant in the data, arrives at the same fit parameters.
The inclusion of a dimmer source (HAWC J0543+233) naturally does not affect this result. The best
model for more complicated regions containing multiple overlapping extended sources will often

change depending on how many sources or parameters are free in that model.

Source [1(1:1111;( };gr_nl T;_T::]_l ] a B [107'] extent [°]
Crab Nebula [6] 2.51 £0.11 -2.63 +0.03 1.5+0.3 0*
Crab Nebula (1 source) 2.54 + 0.06 -2.65+0.02 | 1.04 +0.14 0*
Crab Nebula (2 source) 2.54 +0.06 -2.65+0.02 | 1.04 £0.14 0*
HAWC J0543+233 (2 source) 0.18*0-13 -2.25+0.29 0% 0.62 +0.24

Table 1: Fit parameters for the two models: one with the Crab Nebula alone, and the 2 source model, with
the Crab Nebula and HAWC J0543+233. These are compared to the published version [6]. Parameters
labeled with * were fixed to that value in the model.

3.1 Example Plots

It is natural during analysis to produce several plots in order to gain some understanding of
whether or not the fit converged to a reasonable value, or display that fit result as a spectral energy
distribution. First we look at the residual counts within the ROI. In Figure 1, we see that the
model predicts a certain number of counts (events is also used interchangeably) in each bin which is
similar to the number of counts we actually observed. When looking at the residual between them
(the lower portion of the plot) we see that the model largely describes the region with insignificant
differences for the analysis bins. If large deviations between the model and the data is observed, it
is good motivation that further additions to the model are warranted. This plot is unique to HAL,
given that it directly examines the data and model comparison in each bin.

One might also wish to plot the spectrum for the sources fit in the particular model, as in Figure
2. Here we see that the uncertainty on the spectrum for HAWC J0543+233 is much wider than for
the Crab Nebula, as expected. It should be noted here that the ATS = —2In (Ly/ L) between the
model including HAWC J0543+233 and the Crab compared to a model consisting of only the Crab
is 22. This indicates that for this 507 day dataset which is only 3° in radius and centered on the
Crab, HAWC J0543+233 is not significantly detected using the typical criterion of a 5o~ detection.
A dataset which includes a larger area, encompassing more area near HAWC J0543+233 (which is
2.6° away from the center of the dataset) may be able to more significantly detect the source. The
functionality for the SED is provided within 3ML, since all instruments will want to produce the
SED.

The final plot (see Figure 3) shows the data and model in each bin. It is important to note that
Figure 3 is not significance, but rather is counts. The counts are smoothed over 0.17° and each
column shows (from left to right) the model, the excess (data - background), the background, and
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Figure 1: The number of events in each bin within the ROI compared to the model prediction, and the

differences below
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Figure 2: Spectral Energy Distribution (SED) of the Crab and HAWC J0543+233 in 507 days of data.
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the residuals. You can see that the background gets increasingly sparse with bin number, this is due
to how few events pass the cuts in those bins (for more information on the bin definitions, see [6]).
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Figure 3: The output of display_fit function in HAL, showing the fit in each bin.

4. Conclusions

Here we demonstrated an example analysis in HAWC fitting one and two source models with
3 and 6 parameters. This shows the advantage of using HAWC data for multisource fitting for any
region of the galaxy one wishes to analyze. Owing to its speed and ease of use, HAL has become
the most used fitting tool in HAWC for galactic and extragalactic analyses. Due to its open source
nature, as more HAWC data is released, this tool’s ability to benefit the community can only grow.
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Combining HAWC data and multiwavelength data at the fitting stage allows for a consistent model
of the data to be built which dramatically aids interpretation of a model once the best fit model is
found.
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