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In the last decade, the detection by diverse experiments of diffuse gamma-ray emissions toward
several Galactic young massive star clusters has renewed attention to these objects as potential
Galactic cosmic ray accelerators. Indeed, the conversion of a few percent of the power supplied
by the strong winds from the massive stars into accelerated particles is enough to explain the
observed gamma-ray luminosities in a purely hadronic scenario. Cygnus OB2 is one of the
massive star clusters found in coincidence with diffuse gamma-ray emission detected in a broad
range of energies, from a few GeV up to 1.4 PeV.

In this work, we aim to compare the morphology and spectrum of the observed gamma emission
with those predicted from a theoretical model where particles are accelerated at the termination
shock of the cluster wind. The expected properties of the y-ray emission depend on the distribution
of accelerated cosmic rays, which is determined by the physics of acceleration at the termination
shock and propagation in the hot expanding bubble created by the cluster wind. Propagation and
acceleration are in turn strongly linked to the type of turbulence spectrum in the hot plasma filling
the bubble.

After testing different turbulence spectra, we found that our model can well reproduce the spectral
energy distribution assuming a diffusion either Kraichnan- or Bohm-like. The predicted radial
profile agrees well with HAWC observations but not with Fermi results. According to our best fit
model, Cygnus OB2 should be able to accelerate cosmic rays up to 1 PeV, and would hence be a

PeVatron.
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1. Introduction

Young massive star clusters (YMSCs) are considered a potential new class of Galactic cosmic

ray (CR) accelerators [5]. The detection of diffuse y-ray emission in coincidence with several of
these objects, such as Cygnus OB2 [2, 3], Westerlund 1 [6], and Westerlund 2 [20], has provided
strong evidence for the presence of freshly accelerated CRs in these sources. The energy for non-
thermal activity is thought to be supplied by the powerful winds blown by the hundreds of massive
stars hosted in the cluster core. Several scenarios for particle acceleration have been proposed:
shocks caused by wind-wind collisions [8], winds of Wolf-Rayet stars [12] or the termination shock
(TS) of the collective wind resulting from the sum of individual stellar winds [14].
On a general ground, it is possible to investigate the properties of YMSCs as CR accelerators through
a comprehensive morphological and spectral analysis of the diffuse y-ray emission generated by the
population of freshly injected CRs. In this work, we will focus on the scientific case of the YMSC
Cygnus OB2 and derive its properties as a CR accelerator through comparison of its gamma-ray
emission with predictions based on the model of acceleration at the cluster wind TS developed by
[14]. One of the key outcomes of the paper of [14] is that the spectral and morphological properties
of the CR distribution near YMSCs are strongly affected by the type of plasma turbulence in the
system. In fact, different types of turbulent cascade will reflect in different spectra of injected
CRs. In addition, the propagation physics from the acceleration site will also be affected, yielding
different morphological shapes in the downstream region. If one assumes a pure hadronic scenario,
the spectro-morphological properties of the y-ray emission can be potentially used to distinguish
between the various turbulence models. From there, it is then possible to infer the properties of the
accelerator, such as, for example, the maximum energy of the accelerated particles.

2. Cosmic ray distribution in the vicinity of a young massive star cluster

The collective interaction of the powerful winds from a YMSC can excavate a cavity inside the
interstellar medium (ISM). This wind cavity is composed of an inner region, upstream of the TS, and
an outer region downstream of the TS. The latter is filled with shocked wind material in adiabatic
expansion in the ISM. The radius of the wind TS, Rts and of the expanding forward shock, Ry,
can be estimated as [18]: Rys = 0.7 X L;l/le/zu}/zp;I?’/lOtgés and R, = 0.76 x (LW/pH)l/Stsées,
where Ly and u; are the wind luminosity and speed respectively, M and tage are the cluster mass
loss rate and age, and pp is the ISM density in the cluster surroundings. For Cygnus OB2 #,4. = 3
Myr [19] and we assume py = 10m,, cm™3. Knowing the Cygnus OB2 star population [19], one
can estimate L,, = }; Mivzo,l. /2 and M = i M;, where the index i refers to the i-th star of the
cluster and v ; is the single star wind terminal velocity [13]. The mass loss rates of individual
stars, M;, are calculated using eq. A.1 of [15]. Taking into account the uncertainties in the stellar
parameters, we estimate L,, ~ (1.5-35) x 10*8 erg s™! and M ~ (0.85 —2) x 10~* Mgyr~!. Using
the mean values L,, = 2 x 1038 erg s tand M =107 M@yr‘l, we find: Rts =~ 16 pc, Rp =~ 86 pc,
and u; = \2L,,/M ~ 2500 km s~

For the CR distribution, fcr(E, r), we use the steady state spherical model developed by [14],
in which particles are accelerated at the TS and then escape from the system through a combination
of advection and diffusion. The CR distribution upstream (f;) and downstream (f>) of the TS, an
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in the region outside the bubble ( fisy) are:

fi(r < R1s, E) = frs(E) exp [~ui(R1s —r)/D1(E)]

ey 1+ Ble?Re)ema(n) 1] Ble®) —1]
1+ Ble®(Rp) — 1] + fea(E) 1+ Ble®Rp) — 1]
fism(r > Rp, E) = f2(Rp, E) (Rp /1) + fea(E) (1 = Rp/1)

where a(r) = upRrs(1 — Rrs/r)/D7(E), B(E) = [DISM(E)Rb]/(qu%S). Eq.(1) is a first order
approximation to the full solution presented in [14] but it is adequate for the aims of the present

fo(Rrs <r <Rp,E) = frs(E)e )]

work. The subscripts 1 and 2 refer to regions upstream and downstream of the TS, respectively.
The wind speed is constant in the upstream, u = u, while downstream of the TS u = u,(r/Rts) >
with uy = uy /4 (for strong shocks). D is the diffusion coefficient in the system, which depends on
the type of plasma turbulence. We here consider three possible turbulence spectra: Kolmogorov-
like, Kraichnan-like and flat spectrum (Bohm-like). The corresponding diffusion coefficients are:
Dx41(E) = %ﬂcriﬁLE‘ﬂ, Dxwn(E) = %ﬁcri/zLip and Dgopm (E) = %ﬁcrL, where 3 is the particles
speed normalized to the speed of light, ¢, and r;, = p ¢/eB is the Larmor radius, with p the particle
momentum and B the magnetic field. To calculate B, we assume that a fraction 7 of the wind
luminosity is converted into turbulent magnetic field. The other 2 quantities that appear in Eq.(1)
are fgq1, the distribution of the Galactic CR sea - as inferred, e.g., from AMS-02 data [4] - and frs,
the distribution of accelerated particles at the TS. The general solution for frg is quite involved [see
14], and depends on the type of diffusion coefficient. We here use an approximation to the formal
expression:

frs(p) =

61’11L£%6CR P -
8Ap(mpc)3c? \mpye

1+a1( P

Pmax

az
) } e~ (P/Pmax) 4 (2)

where n; is the particle density in the upstream, s the power-law index, ecr the fraction of
wind luminosity converted in CRs, and A, = /x: x2 frs(x) (V1 +x2 — 1)dx, with x = p/mpc
and x5 = 1.7. The coefficients a; depend on the turbulence properties and are a; = [10, 5, 8.94],
ap =1[0.3,0.45,1.3], a3 = [22,12.5,5.3] and a4 = [0.4,0.64, 1.13] for the Kolmogorov, Kraichnan
and Bohm cases respectively. Finally, p,,.x is the maximum particle momentum achievable in
the system, which depends again on the properties of local plasma turbulence. The maximum
particle energy, Emax = ¢Pmax, can be estimated by equating the particle diffusion length with Rrg:

Dl(Emax)/Ml = Rrs,

3. Modeling the hadronic y-ray emission

Once the CR distribution is known, the hadronic y-ray flux from a region of volume V can be

¢‘y y) — C CR ryn\r D s

where d is the distance of the source, o is the cross-section for p-p interactions leading to my-decay
y-rays [11], and E,, and E,, are the CR and y-ray energy respectively. In our case, fcr(Ep,r) is
the radial distribution of CRs from section 2, while n(r) is the distribution of target density close
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to Cygnus OB2, which is largely unknown. We model the ISM as a combination of neutral (HI)
and molecular (H;) hydrogen. We use high-resolution 21 c¢m line data from the Canadian Galactic
Plane survey to trace the amount of HI in the region [17]. To estimate the column density, we
follow the same approach adopted in [5]. For the molecular component, we use, when available,
a combination of high and low-resolution '>?CO observations, from the Nobeyama radio telescope
[16] and from the composite Galactic survey of [9], respectively. We then calculate the Hy column
density assuming a constant conversion factor Xco = 1.68 - 10 mol. cm™2 km~!' s K~! [3]. All
observations are kinematically truncated between +20 km s~!, in order to eliminate the contribution
of gas from the Perseus and Outer arms. Finally, to obtain the volumetric density n(r) we assume
that the ISM is uniformly distributed along the line of sight on a scale of 400 pc around the position
of Cygnus OB2. The total extent of 800 pc is compatible with the distribution of dust towards the
Cygnus-X star forming complex [10] .

4. Comparison with data

To test which model parameters, if any, best reproduce the properties of Cyguns OB2, we
compared the y-ray emission computed in §3 with archival data from several instruments. In
order to do so, we first find, through )(2 minimization, the values of L,,, ecr and s that allow us
to best fit the observed y-ray spectral energy distribution (SED). All these parameters enter the
CR distribution at the TS (Eq. 2), and L,,, in particular, affects both the normalization and the
Emnax. To fit the SED, we extract the y-ray flux from a region of 2.2° centered on the stellar cluster
(corresponding to a projected radius of ~ 54 pc). When calculating the y-ray emission, we set
fear = 0, as in principle, the background contribution of the Galactic CRs is subtracted from the
data. The SED data points considered for the procedure are the ones obtained by Fermi-LAT in
the 4FGL (4FGL J2028.6+4110e) [1], by Argo (ARGO J2031+4157)[7], and by HAWC (HAWC
J2030+409) [2]. All the measured fluxes are rescaled so as to refer them to the same size of the
emission region, set to 2.2°. This is done by considering that in all cases, the emission is modeled
using a 2D symmetric Gaussian profile with different widths: 2.0° for 4FGL J2028.6+4110e, 1.8°
for ARGO J2031+4157 and 2.13° for HAWC J2030+409. When compared with the 2.2° we chose,
these translate in scale factors: 0.45, 0.53 and 0.41. After constraining the spectral parameters, we
consider the morphology and compare with Fermi-LAT [5] and HAWC [2] data the radial profile
calculated in four rings centered on Cygnus OB2 (intervals in pc: [0—15], [15-29], [29—-44], and
[44-54]).

5. Results and conclusions

The result of the spectral fitting is shown in Table 1. All models can adequately fit the
observed SED (see Fig. 1), and, from the point of view of pure statistics, the difference in y? is not
sufficient to define a preferred model. Howevre, in the case of Kolmogorov turbulence, the wind
Iuminosity required to fit the observed SED is more than a factor 10 higher than what estimated
from the population of Cygnus OB2 stars. In order to fit the cut-off region, a high turbulence level is
required. The latter is related to the wind luminosity through 7 < 1, but even for the unrealistically
large value of ng = 0.9 (see Fig. 1), L,, > 10*° erg/s is required. For these reasons, we conclude
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that Kolmogorov turbulence is likely inadequate to describe the system. For Kraichnan turbulence,
instead, the required L,, is only a factor ~ 2 higher than the estimate based on the population of
Cygnus OB2 stars, L, .. Given the large uncertainties of this estimate, the discrepancy does not
exclude the model. At odds with the former cases, Bohm turbulence, highly efficient at scattering
particles, requires L,, a factor 10 lower than L,, .. We then performed a new fit with L,, = L,, .
and varying np. The results are reported in the last row of Table 1. For the second part of the
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Figure 1: Spectral energy distribution of the expected hadronic y-ray emission extracted from a region of 2.2°
centered on Cyg OB2. The three panel refer to different turbulence models: Kolmogorov (left), Kraichnan
(center) and Bohm (right). Solid lines are the best fit models, corresponding to parameters reported in Tablel.
Other line types, as specified in each panel, are for SED calculated using fixed values of L,, corresponding

to the minimum and maximum luminosity estimated in §2. Data points are from Fermi, HAWC, ARGO and
LHAASO.
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Figure 2: Comparison with observations of the expected radial profile of y-ray surface brightness, for
Kraichnan (left) and Bohm turbulence (right). Black squares are Fermi-LAT data [5], while purple circles
are data from HAWC [2]. Grey squares represent Fermi-LAT measurements rescaled by a factor of 2.

Diamonds and crosses represent the model predicted surface brightness at energies of 10 < E,, < 316 GeV
and 1 < E, < 251 TeV respectively.

study, focused on morphology, we only consider the turbulence models that allow us to reproduce
the spectrum, namely Kraichnan and Bohm turbulence. Fig.2 shows the comparison between the
observed y-ray radial profile and the prediction based on our best fit models. One can clearly see
that the expected profile is compatible, in both the cases, with constant surface brightness. This
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behaviour is a result of advection, dominating CR transport and making their distribution spatially
constant. This trend is consistent with HAWC observations, but not with the radial morphology
observed by Fermi-LAT, which shows a centrally peaked profile. The origin of the discrepancy is
currently being investigated.

Models L, s €CR nB Ewmax Rrs Ry X°
lerg s~ [PeV] [pc] [pc]
Kolmogorov ~ 5-10%  4.17 4.1073 0.1 23 16 163 0.66
Kraichnan 1.28-10* 423 7-1073 0.1 397 14 124 0.39
Bohm? 1.9-10 427 13-107! 0.1 051 12 53 027
Bohm? 2-10% 427 2-1002 24-1073 047 13 86 025

Table 1: Best fit parameters and main system characteristics of the resulting best fit model. For the Kolmogorov and
Kraichnan case, the parameters varied during the fit are L,,, s, and ecg. For the Bohm model we separately show the
two cases where we fit L,,, s, and ecg (case a) and p, s, and ecg (case b).

In summary, we have shown that the y-ray emission from Cygnus OB2 can be adequately
explained assuming that CRs are accelerated at the wind TS according to the model by [14]. For
Kraichnan or Bohm turbulence the model well accounts for the source spectrum, and for the very-
high-energy gamma-ray morphology. The inconsistency with Fermi-LAT data is under analysis.
An interesting possibility is that the central peak is due to a population of leptons close to the TS.
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