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Abstract We reported the-ray observation towards the giant molecular cloud PoFege. Together with
the dust column density map, we derived the cosmic ray (CR3itleand spectrum in this cloud. Compared
with the CR measured locally, the CR density in the Polarséd-is significantly lower and the spectrum is
softer. Such a diierent CR spectrum reveals either a rather large gradierRafi§tribution in the direction
perpendicular to the Galactic plane or a suppression of Gieérmolecular clouds.
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1 INTRODUCTION Aharonian(200J), in which there is no CR injection, and
the best place to study the distribution of the Galactic CRs.
Cosmic rays (CRs) are one of the major compositions of

. . . . In thi rw rform il nalysis of
the interstellar medium (ISM). They dominate the heatmq: . this paper we perio ed.a detailed a a.yss ©

S S ermi-LAT data towards the Polaris Flare and derived the
and ionization of gas inside molecular clouds, regulate

the star forming process and play a leading role in theCR information therein. This paper is organized as follows:

. . . in Section2 we derived the gas content in the Polaris
astro-chemistry process. It is well believed the CRs ar : . .
. . . L lare using the Planck dust opacity map, in Sectbn
well mixed in the Galactic magnetic field and lost the . . . :
. . . . i we describe thd=ermiLAT data analysis procedure, in
information of the acceleration site. In this regayerays, . . . . )
. . . ection4 we derived the CR content in this region and
the secondary products of interactions of CRs with gas an scuss the possible implications
photons in the ISM, provide us crucial information about P P '
the distribution and propagation of CRs in the Galaxy.
Thus the giant molecular clouds (GMCs), regarded as
the CR barometersAharonian 200}, are the ideal sites
to study CRs. They-rays in GMCs have already been
extensively studied recently, and similar CR density and
spectra inside the GMCs in the Gould Belt are derive
(Neronov et al. 2012a&ang et al. 2014

2 GASCONTENT IN THE POLARISFLARE

tomic hydrogen and molecular gas are typically traced
y 21-cm H line and 2.6-mm CO line, respectively.
) _ However, sometimes CO and iHbbservations are not
The Polaris Flare is a GMC located 240 pc aWayenough to account for all the neural gases, especially
from the solar system with a total mass of more thany,, «qy4rk gas” Grenier et al. 2005 Concerning this, we
5 x 10°Ms (Heithausen & Thaddeus 1990The most choose the infrared emission from cold interstellar dust
remarkable feature of this cloud is that there is no ongoin%s an alternative and independent tracer to estimate the
star-forming process therein. As a result, this cloud calyial gas column density. According to the research of
be regarded as an extreme case of the “passive” clouds [\, ¢k Collaboration et a(2019), the dusigas correlation,
i.e., the relation of dust opacityyj) as a function of the
* Corresponding author wavelengthl and the total gas column densitiy), can
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3 FERMI DATA ANALYSIS

To study they-ray emission of the Polaris Flare, we
collected 12 years (from 2008-08-04 15:43:36 (UTC) to
2020-08-13 10:30:12 (UTC)) dfermiLAT Pass 8 data,
and used the Fermitools from Conda distributitsgether
with the latest version of the instrument response funstion
(IRFs)P8R3SOURCEV3for the data analysis. We chose
a 15 x 15° square region centered at the position of the
Polaris Flare (R.A= 268021°, Dec= 87.961°) as the
region of interest (ROI). Here we selected the “source”
class events, then applied the recommended filter string
“(DATA _QUAL > 0)&&(LAT _.CONFIG == 1)" to choose
the good time intervals. Furthermore, to filter out the

30.0

Galactic latitude

25.0

= backgroundy-rays from the Earth’s limb, only the events
N . . .
125.0 120.0 115.0 with zenith angles less than 9Gre included for the
Galactic longitude analysis. The source model for the data analysis, generated

by make4FGLxml.pyincludes the sources in tHeermi
1E+21 2E+21 3E+21 4E+21 5E+21 6E+21 7E+21 8E+21 OE+21 1E LAT 8-year catalog (4FGLAbdollahi et al. 202Pwithin
Fig.1 The derived total gas column density map fromthe ROI enlarged by °7 For all sources within the ROI,

Planck dust opacity for the Polaris Flare. their normalizations and spectral indices are left free.
However, in order to study the filise y-ray emissions
be represented by from the molecular cloud independently, we did not

apply the defaulFermiLAT Galactic difuse background
ref models, i.e.gll_iem.v07.fits but created our own Galactic
) [Nui + 2XcoWeo]. (1)  diffuse background models. Ourfldise y-ray emission

model includes two components, one representsythe

‘. L rays produced from the pion decay process induced by
Here @p/Ny)™' is the reference dust emissivity measured,, ~ . . o .
. . , the inelastic collision between CR protons and ambient
in low-Ny regions, andXco = Nu,/Wco is the

. . . . ; as, and the other represents jhys resulting from the
H,/CO conversion factor, in whickVco is the integrated g P ﬂa Y g .
) o inverse Compton (IC) scattering of CR electrons in the
brightness temperature of the CO emission. Thig, . TR .
. . interstellar radiation fields (ISRFs). The IC component is
as the sum ofNy, and Ny, is approximated toNy; +

X Wers. Bring above relations into Equatiofi ) calculated by GALPROP(Vladimirov et al. 201}, which
coWeo. Bring above relations into Equatiob)(we get o < inormation regarding CR electrons and ISRFs.

il We further divideq the pign—decay component intq
Ni = 7 () [(ro(ﬂ)) } . (2) Wo parts, one associated with the gas of the Polaris
NH Flare and other associated with the backgrgfordground
gas. We performed such a separation in the gas column
Next we set the reference dust emissivity, (Ny)®" =  density map derived in SectioR. We attribute all the
(1.18+ 0.17) x 10726 cn? for the opacity map at 353 GHz pixels with column density larger than210°* cm and
referring to table 3 inPlanck Collaboration et a(2011), Within 5° from the center of the Polaris Flare to the gas
then derive the gas column map for the Polaris Flare regiopssociated with the cloud itself, and other pixels to be
using EquationZ), which is shown in Figuré. the backgrounforeground gas. We note that the exact
It is worth noting that due to the gradient of the Modeling of the backgrouriibreground gas only have
metallicity, the gas-to-dust ratio may also vary in theminor efects on the results. This is because in the high
Galactic scale. For example, the gas-to-dust ratio may platitude region such as the Polaris Flare, the gas column
significantly lower Giannetti et al. 201)7in the Galactic S dominated by the molecular itself. Indeed, as shown
Center than the value derivedRianck Collaboration et al. N Figurel, the average gas column density at the same
(2013). But it should be acceptable to apply the resultdatitude of the Polaris Flaréd(~ 20°) is about %10°%cm?,
in Planck Collaboration et ali2011) for the analysis of L https://github.com/ fermi-lat/Fermitools-conda/
nearby sources such as the Polaris Flare. 2 http://galprop.stanford.edu/webrun/

D (/l)
N

™(4) =(
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Fig.2 The smoothed 15x 15° counts map of the Polaris Flare region feray within the energy range of 0.1-300 GeV
(left) and the residual TS map after subtracting all the knowncssuand diuse emissions as described in S&drom
the counts mapright).

which is less than /6 of the average gas column densityto 25 x 10?* cm?, and then artificially increase or
of the Polaris Flare itself. To check the correlatiomyef decrease the normalization of the backgrgtoreground
ray map and gas column density, we plotted the averaggas template in the likelihood fitting by 50%. We included
column density and photon counts above 1 GeV in pixelthe uncertainties of these tests in the error bars in the
with the size of 1 x 1°, within the inner 8 from the derived SEDs. Then we further divided the SED with the
center of the Polaris Flare in Figu& We found linear total gas column densities derived from Sectdo obtain
correlation between these two, which reveals thatjthe the y-ray emissivities per H atom, which is proportional
rays are indeed associated with the gas in the moleculao the CR density. The results are illustrated in Figdire
clouds. Using the modified source model described abov8esides, the derived emissivities are compared with the
we performed the standard likelihood analysisFefmi  one predicted by using the local interstellar spectrum)LIS
LAT data for events of energies within 0.1-300 GeV. Theof CRs (red shaded are@asandjian 2015
modified model fits the data very well, as can be seen from
the comparison between the counts map-odys (the left 4 DISCUSSION AND CONCLUSION
panel of Fig.2) and the residual TS map after subtract all
the known sources and flise emissions for the Polaris We derived the parent CR proton spectrum by fitting the
Flare region (the right panel of Fig). y-ray emissivities using the-ray production cross section
in pion-decay proces¥éfexhiu et al. 2014 in which the

Next, to extract the spectral energy distribution (SED)nuclear enhancement factor of about 1.8 is also taken into
of diffusey-rays in this region, we divided the energy rangeaccount. Considering the possible low energy break of CR
100 MeV — 100 GeV into ten logarithmically spaced enerspectrum, we use the function forf(E) ~ (E + Ea)™.
gy bins, and performed the maximum likelihood analysisin deriving the CR density, we have taken into account
on each energy bin. For each energy bin, the significanciine uncertainties of about 15% in the gas-to-dust ratio
of the signal detection exceeds2and the uncertainties and about 20% in the-ray production cross section. The
include 68% statistical errors for the energy flux and thederived spectral parameters gre= 3.3 + 0.2 andE; =
systematic errors due to the uncertainties in LABetive 3.6 + 1.0, and the corresponding CR spectrum is shown in
areas. As mentioned above the backgrgfordground Figure5.
gas should cause only minoffects to the results. To We note that the derived CR density is significantly
investigated the possible systematic errors related &ethe lower (by a factor of 50% at 100 GeV) than the local
effects, we firstly varied the selection criterion of the gasmeasurement. One possible explanation for such low CR
associated with the molecular clouds frotB % 10°*cm™?  density is the lower gas-to-dust ratio in this region, thus
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proximity of the Polaris Flare (with a distance of mere
240 pc), the dramatic change of the metallicity and gas-
to-dust ratio is very unlikely.

On the other hand, we note that the Polaris Flare is
about 100 pc above the Galactic plane. Thiedénce in
CR density may reflect the gradient of CR distribution per-
pendicular to the Galactic plane. Indeed, the distribution
of CRs along the direction perpendicular to the Galactic
plane ¢ direction) is poorly knownTibaldo et al.(2015
has investigated the-ray emission of the high velocity
clouds (HVCs) and derived the CR densities iffatient
heights above the Galactic plane. But due to the limited

Fig. 3 Correlation between the photon counts above 1 Ge\size and mass of these HVCs, the uncertainties prevent
and the average column density for all pixels with the sizeany strong conclusion. Theoretically, it depends on the

of 1° x 1° within angular distance 5°

Polaris Flare.
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to the center of the i sion codficient (D) along thez direction, as well

as the the heighthj of the CR halo. In the typical CR
propagation models, the escaping of CRs from the Galaxy
is dominated by dfusion process. The confinement time
T ~ B—ZZ, which can be determined by the secondary to
primary ratios. But the absolute value of bdih andh

is poorly known so far. If the low CR density in the Polaris
Flare is indeed caused by thiffect, the corresponding
CR gradient inz-direction would be very dramatic (CR
density drops by a factor of two at the height of 100 pc).
Such a strong gradient is hard to address in the former
theoretical calculations for the propagation of CRs in our
Galaxy Strong & Moskalenko 1998 On the other hand,
the large gradient may violate the measured CR anisotropy
in the solar neighbourhood. Indeed, the anisotropy can

Fig.4 y-ray emissivity per H atom derived in the Polaris be expressed a$ ~ 3D/c¥¥, whereD is the difusion
Flare.
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Fig.5 CR density derived in the Polaris Flare.

codficient,c is the speed of light anN is the CR density.
The measured CR anisotropy at TeV energy is less than
1073, thus if the low CR density in Polaris reflects the
CR gradient, the upper limit can be derived foy. From

the equation above, at TeV enerd@y < 0.0010/3% ~
0.001c/3*0° ~ 6 x 1077 cn? 571, which is significantly
lower than expected.

If this is true, such a decrease in CR density should
be also observed in other GMCs in the Gould Belt, which
all have a similar height of about 100 pc. But the results
in Neronov et al(2012h andYang et al.(2014 do reveal
that the CR densities and spectra in other clouds in Gould
Belt are similar to the local measurement. Thus the low
CR density and soft spectrum in the Polaris Flare may
be connected with the fact that there is no star forming
activity, thus no CR injection in this cloud. In this scemari

the total gas mass are well overestimated and thus thtbe CR spectrum measured in the solar system should
CR density should be higher. The variation of gas-to-dusalso be dominated by some nearby sources. These nearby
ratio is predicted due to the variation of metallicity aos sources should have little impact on the CR spectrum in
the Galaxy Giannetti et al. 201)7 However, due to the the Polaris Flare. Because of the proximity of the Polaris
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Flare, such a scenario implies that the 100 GeV CRs ar@al Research Funds for the Central Universities.
not well mixed at the scale of 200 pc. In the standard
diffusion model of Galactic CRs, thefflise length of CRs References
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