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The TeV diffuse emission from the Galactic plane is produced by multi TeV electrons and
nuclei interacting with radiation fields and ambient gas, respectively. Measurements of
the TeV diffuse emission help constrain CR origin and transport properties. We present
a preliminary analysis of HAWC diffuse emission data from the inner Galaxy. The HAWC
measurements will be used to constrain particle transport properties close to the Galaxy
center correlating the HAWC maps with predictions of the DRAGON code.

Keywords: high energy astrophysics, inner galaxy, gamma rays, diffuse emission, cosmic rays, interstellar medium

1. INTRODUCTION

Cosmic rays (CRs) are the highly energetic nuclei and protons which carry, at least close to the
Solar System, an energy density of about 1 eV/cm?>. This is comparable to the Galactic magnetic
fields, energy density of the radiation fields, and turbulent motions of the interstellar gas. Thus
CRs are an energetically important component of the interstellar medium (ISM). They play an
important role in the dynamical balance of our Galaxy, and have an important effect on interstellar
chemistry through the heating and ionization of the ISM, particularly in its denser regions. Being
charged particles, CRs are also strongly coupled to the magnetic fields by Lorentz forces and by
strong scattering off field irregularities (MHD waves).

CRs up to at least 10'° eV are believed to be accelerated through diffusive shock acceleration
(DSA) in young supernova remnants (SNRs). In the shells of SNRs suprathermal particles would
be injected into the acceleration process at the shock propagating into the ISM where collisionless
processes transfer to them the kinetic energy of the magnetohydrodynamic shocks Krymskii (1977);
Axford (1981); Blandford and Eichler (1987); Bell and Lucek (2001); Malkov (2001). The SNR
paradigm for the CR origin is based upon energetic considerations. At least one supernovae
explosion event is expected in every 30 years, and considering that, the non thermal energy release
at each supernovae event should be 10 ergs, (which is almost ten percent of total energy release at
each SN explosion event), in order to explain the energy density of cosmic ray (which is about
1 ev/cm®) Ginzburg and Syrovatskii (1964) in the Galaxy. This is in good agreement with the
typical amount of energy predicted to be created during the acceleration of relativistic particles
in supernovae remnant shocks within a DSA scenario Voelk and Biermann (1988); Drury et al.
(1989).

Cosmic rays runaway the acceleration sites and finally propagate into the galactic magnetic field,
so it is impossible to observe cosmic rays from the candidate injection sites directly.

The information on the cosmic ray spectra at the acceleration sites cannot be traced
back, because of the unknown propagation mechanisms of cosmic ray spectra. Secondary
CR data suggest that cosmic ray protons and nuclei diffuse in the magnetic fields for
times of the order of Teeqpe = 1.4 X 107(E/ 10GeV) 06 years, E being the particle
energy, before escaping the Galaxy. During this time the particles accelerated by individual
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sources diffuse into the Galaxy, mix together, get isotropized by
the galactic magnetic fields and contribute to the bulk of Galactic
cosmic rays known as cosmic ray background or cosmic ray sea,
the information on the CR source and CR energy distribution at
the source is lost.

However, while cosmic rays scape injection sources and
diffuse in the Galaxy, they interact inelastically with ambient
molecules and atoms of the interstellar gas and create gamma
rays by decay of neutral pions. Electrons produce gamma-rays
through inverse Compton scattering and also by bremsstrahlung
processes. In contrast to CRs, the gamma rays produced by these
accelerated particles, are neutral and travel in straight lines from
the site where they were produced to the detector. The gamma ray
energy flux from the different directions on the sky provides thus
direct information about the parental cosmic ray flux in different
locations in the Galaxy. This emission, extending from GeV to
hundreds of TeV, is thus the most powerful tool to probe the
origin and propagation mechanisms of CRs in the Galaxy and
to investigate the extreme astrophysical environments in which
these particles are accelerated.

Observational evidences show that the cosmic ray energy
density varies strongly in different locations of the Galaxy, in
particularly in leactive regions of the Galaxy, such as the MCs
(Molecular clouds) close to young and middle aged SNRs and
in active star forming regions. These regions, where the CR
spectrum is also expected to be harder than the background CR
spectrum, are the candidate sites for CR acceleration, which we
will investigate deeply in our analysis.

2. HAWC

HAWC (High Altitude Water-Cherenkov) Telescope is well-
designed to study cosmic rays and TeV gamma rays between 100
GeV and 100 TeV by observing the air-shower particles created
by the primary particles in the high atmosphere which get in the
detector. HAWC is placed on the side of the Sierra Negra volcano
near Puebla, Mexico at an altitude of 4,100 meters.

Thanks to its wide field-of-view, with an instantaneous
field of view which covers fifteen percent of the sky, within
each 24 h period, HAWC observes two-third of the sky.
Applying the HAWC observatory, we are performing a high-
sensitivity synoptic survey of the gamma rays from the Northern
Hemisphere. The detector contains 300 similar water Cherenkov
detectors (WCDs) with 7.32 m diameter, 5 m high. Each tank
comprises 190,000 L of purified water. Four skyward facing
photomultiplier tubes (PMTs) are mounted at the base of each
tank, a 10” Hamamatsu PMT located at the center and three 8”
Hamamatsu PMTs which are located halfway between the tank
center and rim. A trigger is produced when a big enough number
of PMTs record a hit in a 150 Nanosecond time interval (see
Figure 1).

Parameters of the air shower, such as, the direction, the size,
and some gamma/hadron separation variables (for each triggered
event), are calculated from the recorded hit times and amplitudes,
using a shower model developed through the study of Monte
Carlo simulations and calibrated using observations of the Crab
Nebula.
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FIGURE 1 | The HAWC Observatory is a next-generation gamma-ray detector
placed at an altitude of 4,100 m on the slope of the dormant volcano Pico de
Orizaba in Mexico’.

HAWC is an ideal tool to study Galactic gamma-ray sources.
In the following we will review the HAWC map of the sky at 10s
TeV after collecting one year of data.

3. DATA AND ANALYSIS

The analysis presented here is based on a dataset which contains
275 = 1 source transits of the inner Galaxy taken between August
2, 2013, and July 9, 2014, While the HAWC array was partially
constructed. Since the sensitivity of HAWC is related to the
source declination, for the sources which transit via the detector
vertex, the best sensitivity is gained. For the analysis presented
here a zenith angle cut of 45° and declination between —26° and
+64° is applied. The background rejection, energy and angular
resolution of the detected gamma rays are associated with the
shower size detected in the array, So the data are categorized into
10 bins corresponding to the ratio i of PMTs triggered out of the
sum of the active PMTs.

In order to detach the cosmic-ray background from the
gamma-ray signal, we apply cuts to three parameters (the fraction
of the chi-square and reduced chi-square of the fit and a
topological cut according to the compactness of the charge
distribution) in each h bin Abeysekara et al. (2015a):

4. SKY MAPS AND MAXIMUM
LIKELIHOOD METHOD

The air shower simulation program CORSIKA Heck (1998) and
the detector simulation package GEANT4 Agostinelli et al. (2003)
generate the detector response file which describes the PSF (Point
Source Function) and energy distribution as a function of source
declination and fraction of hit h bins. In order to simulate

!The High-Altitude Water Cherenkov Observatory (HAWC). HAWC

Collaboration. Available online at: http://www.hawc-observatory.org/
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flux from the gamma ray, we use a simulation model which turns
the detector response to source of gamma rays.

Constructing a source model determined by spectrum and
position of the source is the preliminary step of the maximum
likelihood fit. The source spectrum in the following analysis is
assumed to obey a power law:

dN E\-T
a5 =(5) M
where T' is the spectral index. It has been assumed here a fixed
index of 2.3 because of the limited sensitivity in this data set. The
index of 2.3 is indicative of observed values for known Galactic
objects, and I is the differential flux normalization, E is the pivot
energy which is picked where the differential flux normalization
is least dependent on the spectral index. Right ascension (R.A.) «
and Declination (Dec.) § are used to describe the source position.

The region of interest (ROI) which is applied for a likelihood
fit should contain most photons from a given source so it must be
wider than the angular resolution of the detector, and because of
the high possibility of source confusion in the Galactic plane data,
it is not usually easy to find an ROI which contains only photons
from one single source.

Thus, the source model likely should contain more than one
source, and in this case, the expected count is:

i =Bi+ ) Vi (2)
k

where y; and B;; are the expected number of gamma rays and
the background events respectively, in the jth pixel of ith h bin,
correlated to the kth source. The event entwine with detector
response.

since the detected event counts distribution obeys Poisson
distribution in each pixel, one can assumes the probability of
measuring N number of events given an expected count A of the
source model be:

N ,—A

P(N; x) = N

; 3)

The product the likelihood in each 4 bin and of each pixel (in an
ROI) is the likelihood in the source model (given parameter set
0 = (Ol, 3, IO))

N foins ROI
£(6,N)=[]TrP0Ny: 2, (4)
i
Where Nj; is detected and 4;; is expected event counts in the jth

pixel of the ith h bin. The logarithm of the likelihood is applied
for ease of calculation:

fbins ROI

(4, N)= Z Z(Nlj)»ij — Aij)- (5)
i

Using the MINUIT package Brun and Rademakers (1997), The
log likelihood became maximized with respect to the parameter
set # in the source model. Since Nj; is not dependent of the
parameters in the source model, it is discarded from Equation (5).

In order to determine how many sources are required to
properly model an ROI a likelihood ratio test is performed.

In choose the preferred model over the background-only
model first we calculate the log likelihood of the background-only
model In £y . Afterward we compute the log likelihood In £; of
the one-source model. The test statistic (TS) defined by:

TS = —2(InL; — InLoo) (6)

the test statistics is applied to compare the advantage of the fit
between the two models. In order to to compare between two
models with N and N+1 sources, similar method of likelihood
ratio test is used, in an iterative process; one source with three
free parameters (@, 8, Iy ) is added to the model step by step with
the amplitude and position of the current sources free to change
in respect to the new source. Finally the TS and differential flux of
each source are calculated by fitting one source and considering
other sources as a part of the background while parameters are
fixed(differential fluxes and positions).

Figures 2-4 present the significance map of the inner Galaxy
region investigated here. The map is made by moving a supposed
point like source through each pixel, presenting a maximum
likelihood fit of differential flux normalization with the fixed
spectral index at 2.3. As it is shown in Figure 2.

There are multiple > o hot spots in the studied region. The
area is divided into five region of interests. The method explained
above is used to simultaneously account for the flux contributions
of neighboring sources in each of divided region.

5. DRAGON

DRAGON is a code to solve the equation of CR transport in the
Galaxy, it is implemented to simulate all the related processes
relevant to Galactic CR propagation, in particular: diffusion,
re-acceleration,cooling convection, (due to bremsstrahlung,
synchrotron, Coulomb, inverse-Compton, and ionization),
catastrophic losses (annihilation), and spallation). The code
numerically solves the interstellar CR transport equation,
including inhomogeneous and anisotropic diffusion emission.
Evoli et al. (2008).

After solving the equation, the code provides the cosmic ray
spectra in all regions of the Galaxy. With such information the
code derives the gamma ray spectra. The DRAGON predicted
gamma ray spectra from the Galactic plane will be compared to
the observed spectra, measured by HAWC. In this way the CR
transport propagation will be fine-tuned.

6. FORTHCOMING RESEARCH AND
CONCLUSIONS

We showed a preliminary analysis of gamma-ray diffuse
emission from the inner galaxy using data from HAWC
detector. This analysis will serve to calibrate the dragon
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FIGURE 2 | Significance map.
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FIGURE 3 | A model with eleven sources Black circles demonstrate the five regions of interest (ROI).
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FIGURE 4 | Residual significance map.

code. We will use the results to constrain particle transport
properties in that region using the Dragon code in order to
understand whether particle transport there proceeds through
isotropic diffusion, anisotropic diffusion or maybe through
advection.
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