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Abstract

Aims. Using public data collected by the Fermi Large Area Telescope (LAT) over 16 years and the 1523 days of survey data (3HWC) from the High Altitude Water Cherenkov (HAWC) observatory, we searched for possible GeV-TeV connections in globular clusters (GCs).

Methods. Excluding 44 confirmed γ-ray detections of GCs in the latest Fourth Fermi-LAT point source catalog (4FGL-DR4), we searched for possible GeV emission from the other 113 known GCs based on 16 years of LAT data. We performed a systematic binned likelihood analysis in the energy range of 0.3–100 GeV toward these targets. We also searched for possible TeV excesses in the directions of 27 GeV-detected GCs covered by the 3HWC survey area, assuming a point-source morphology and a power-law spectrum of E−2.5.

Results. In addition to the confirmed γ-ray GCs in the 4FGL catalog, we report a GeV detection at the position of UKS 1 with a post-trial probability of ∼8 × 10−5 of it proving to be a fluctuation. Its spectrum within this energy range is well described by a power-law model with Γ ≃ 2.3 ± 0.5. Furthermore, this GeV feature appears to extend southeast in a direction toward the Galactic plane. From the 3HWC survey data, we have also identified a TeV feature in the direction of UKS 1. It is well resolved from any known very-high-energy (VHE) source. The post-trial probability that this feature is a fluctuation is ∼3 × 10−4. If confirmed, this would mark the second detection of a TeV feature in the proximity of a GC. While the GeV emission mostly coincides with the center of UKS 1, the TeV peak is displaced from the cluster center by several tidal radii in the trailing direction of the GC’s proper motion. Given the supersonic speed of UKS 1 at ∼270 km s−1, our findings are consistent with a scenario where the VHE γ-rays are produced by inverse Compton scattering between relativistic particles and ambient soft photon fields during the course of their propagation away from the head of the bow shock.
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1. Introduction
Shortly after the Fermi Large Area Telescope (LAT) commenced operations, γ-ray emission from the globular cluster (GC) 47 Tuc was detected (Abdo et al. 2009a). Subsequently, a number of other γ-ray GCs were soon revealed, establishing them as a unique source class in the γ-ray sky (e.g., Abdo et al. 2010; Tam et al. 2011). This includes Terzan 5, which hosts the largest known population of millisecond pulsars (MSPs; Kong et al. 2010) that are considered to be the origin of the γ-ray emission.
The γ-ray spectra of most GCs resemble those of MSPs, which can be phenomenologically characterized by a power-law model with an exponential cutoff (PLEC; e.g., Abdo et al. 2010. Except for a few cases where individual luminous MSPs dominate the emission from a GC (Freire et al. 2011; Wu et al. 2013; Zhang et al. 2022, 2023), the γ-rays from GCs are likely to be a collective contribution from the whole MSP population residing within the cluster. This is supported by reported correlations between γ-ray luminosity of GCs, Lγ, and the primary stellar encounter rate within their cores, ΓGC, which resembles the correlation between the MSP population and ΓGC (e.g., Hui et al. 2010, 2011; Abdo et al. 2010). However, a recent study does not find a significant correlation between Lγ and ΓGC (Henry et al. 2024), which indicates the relation between MSPs and Lγ may be more complex.
Also, γ-rays can be produced through inverse Compton scattering (ICS) between relativistic leptons in the pulsar wind and ambient soft photon fields (e.g., Cheng et al. 2010). The ICS scenario is supported by a possible correlation between GC Lγ and their in situ soft photon energy densities (Hui et al. 2011; Henry et al. 2024; Song et al. 2021), as well as evidence of a power-law tail (PL), in addition to the PLEC component of their γ-ray spectra (Song et al. 2021).
The ICS between pulsar wind and soft photons is also expected to produce very-high-energy (VHE >  0.1 TeV) photons (e.g., Cheng et al. 2010). However, the TeV feature found in the direction of Terzan 5 remains the only confirmed detection of such emission (H. E. S. S. Collaboration 2011). Moreover, an offset between the TeV emission peak and the center of the cluster has cast doubt on its physical association.
Theoretical studies have attempted to explain how a GC can produce misaligned TeV features. Bednarek & Sobczak (2014) proposed a scenario involving a GC with a characteristic space velocity of order ∼100 km s−1 forms a bow shock nebula around a GC, where the mixture of stellar and pulsar winds leaving the GC interacts with the surrounding interstellar medium. For a GC located close to the Galactic plane, such as Terzan 5, a nebula with an asymmetric morphology is expected from the formation of a bow shock ahead of the GC’s motion in the dense surrounding medium. Particle advection in the relativistic wind opposite to the direction of the GC’s motion then produces a misalignment between the TeV feature and the GC center.
This does not explain why the peak of the TeV emission does not coincide with the acceleration site of the particles driving the ICS emission. The peak energy density of the accelerated particles should be located at the wind termination shock. There, the starlight from the GC produces a strong ambient photon field capable of forming an ICS TeV peak. However, the relativistic particles emanating from the bow shock are expected to be strongly oriented along the trailing magnetotail, with anisotropic ICS emission directed along their propagation vector. Self-scattering leads to a gradual broadening of the particle pitch angle distribution, isotropizing their emission and allowing it to become visible some distance away from the acceleration site (Krumholz et al. 2024). In this sense, such systems can be used to constrain the scattering processes of cosmic rays in the Milky Way.
In this study, we aim to search for a possible GeV-TeV connection in the directions of GCs in Milky Way by using the data obtained by Fermi-LAT and from a high-sensitivity survey of the northern VHE sky conducted at the High Altitude Water Cherenkov (HAWC) observatory.
2. Data analysis and results
2.1. Searching for additional GeV-detected GC with Fermi-LAT data
Excluding the 44 confirmed GeV-detected GCs in the most updated Fourth Fermi-LAT point source catalog (Ballet et al. 2023, 4FGL-DR4), namely, 41 with positional coincidence plus 3 with confirmed γ-ray pulsations, we have searched for possible γ-rays from the other 113 listed by Harris (1996, 2010 edition).
In this work, we used Fermi-LAT data collected from 2008-08-04 to 2024-06-23, covering ∼16 years. The Fermitools-2.2.0 package1 was used for data reduction and analysis. To search for γ-rays from the target GCs, we selected the events from a region of interest (ROI) within a 10° radius from of the GC locations given by Harris (1996, 2010 edition). Following the standard Fermi-LAT data analysis thread, only the events classified as a “source” (evclass = 128) and event type “FRONT+BACK” (evtype = 3) were included. Since photons coming from the Earth limb can produce a strong background, we can minimize their possible contamination by applying a zenith angle cut of < 90°. To further assess the data quality and to select good time intervals (GTIs), we filter the data with the expressions (DATA_QUAL > 0) && (LAT_CONFIG = 1). Throughout this study, the instrument response function (IRF) P8R3_SOURCE_V3 was used. All the analyses were performed in the energy range of 0.3–100 GeV.
Using the Fermitools task gtlike, we performed a binned maximum likelihood analysis for the data around each target GC. To model all the point and extended sources in 4FGL-DR4 catalog within the corresponding ROI of the target, we adopted their spectral parameters given in the catalog as initial values. For 4FGL sources within 5° from the center of the ROI, we thawed their spectral parameters for fitting. For the other 4FGL sources, their parameters were fixed in the analysis. In view of accounting for the wide point spread function of LAT, particularly at low energies, we also included the 4FGL sources in an extra 10° annular region outside the ROI in the likelihood analysis. Apart from the resolved 4FGL sources, we have also modeled the Galactic diffuse background (gll_iem_v07.fits) and the extragalactic isotropic background (iso_P8R3_SOURCE_V3_v1.txt; Abdo et al. 2009b). For all the targeted GCs, we assume that they are point-sources with a PL spectrum.
We set the detection threshold at 4σ and require the target to be well resolved from its surroundings. Among the 116 GCs we analyzed, only UKS 1 satisfied our detection criteria. With the aforementioned model, our likelihood analysis yields a test statistic (TS) of 37 (see Sect. 3 in Mattox et al. 1996, for the definition of TS). Taking the number of GCs we have searched as the trial factor (i.e., 113), the observed TS value corresponds to a post-trial probability of ∼10−6 that the feature is a background fluctuation. The best-fit PL model has a photon index of Γ = 2.50 ± 0.50. In contrast, a PLEC fit yields a lower TS value of 29.3. While the photon index of the best-fit PLEC model is comparable to that of the PL model (Γ = 2.24 ± 0.21), the cut-off energy Ec = 3.0 ± 6.5 GeV cannot be constrained properly. These results suggest that the PLEC model cannot provide an adequate description of the data.
To examine the surroundings, we have computed the TS map centered on UKS 1 with the Fermitools task gttsmap. A 2 ° ×2° TS map is shown in the left panel of Fig. 1. A γ-ray excess at the location of the GC is clear. This confirms the findings first reported by Yuan et al. (2022) at a significance of ∼4σ. Examination of the TS map suggests that the γ-rays associated with UKS 1 appears to be extended toward the southeast by ∼0.5° with a somewhat lower TS value.
	[image: thumbnail]	Fig. 1. Left panel: TS map of the 2 ° ×2° region centered on UKS 1 with the best-fit diffuse background and contributions from the 4FGL sources subtracted. The black circle represents the tidal radius (3.2′) of UKS 1 at a distance of 15.6 kpc (Fernández-Trincado et al. 2020). The colour scale shows the TS value of every bin of 0.1 ° ×0.1°. Right panel: Same as the left panel, but with three additional sources further subtracted (see Appendix A).



Besides UKS 1, we have also identified several γ-ray excesses with the ROI (see Appendix A). With these excesses further subtracted, the TS value at the center of UKS 1 goes down to 28.4 for the PL model, which corresponds to a post-trial probability 7.7 × 10−5 as a fluctuation. In the right panel of Fig. 1, we show the TS map with the aforementioned excesses subtracted. It clearly shows the feature associated with UKS 1 extends toward southeast. Its spectral energy distribution (SED) is shown in Fig. 2. The blue dashed-line represents the best-fit PL spectrum with a photon index of Γ = 2.34 ± 0.50. Integrating the model between 0.3–100 GeV yields an energy flux of [image: equation] erg cm−2 s−1. At the distance of UKS 1, d = 15.6 kpc (Baumgardt & Vasiliev 2021), this translates to a γ-ray luminosity of [image: equation] erg s−1. We also examined the PLEC fit after excess subtraction. The model parameters remained largely unchanged compared to the pre-subtraction fit, except that the TS value further decreased to 18.3. The cutoff energy also remains unconstrained. In light of these results, we did not consider the PLEC model further in this work.
	[image: thumbnail]	Fig. 2. Spectral energy distribution (SED) of the γ-ray emission originating from the direction of UKS 1, as observed by Fermi-LAT (black data points). The blue dashed-line is the best-fit PL model. The shaded region illustrates the uncertainty of this model. The PLEC fit is also plotted for comparison. Both models and LAT data in this plot are the results with the surrounding excess sources removed. The estimated energy flux derived from the differential flux given by the 3HWC data at 7 TeV is shown in red.



2.2. Search for TeV feature in the direction fo GeV-detected GCs with 3HWC Survey data
To search for possible TeV features associated with GeV-detected GCs, we used data collected by HAWC during the survey with its complete instrumental configuration on the first 1523 days of operation2. This survey led to the compilation of the 3rd HAWC catalog of VHE γ-ray sources (3HWC; Albert et al. 2020). This reported 65 sources detected at a significance of ≥5σ, standing as the most sensitive TeV survey of the northern sky.
We started the search by cross-correlating the sources in the 3HWC catalog with the positions of GeV-detected GCs. The location of HAWC allows it to cover the sky within declinations from around −26° to 64°. Of the 45 GeV-detected GCs (44 in 4FGL-DR4, plus UKS 1), only 27 fall within the survey area. In an extended-source search assuming a disk-like morphology with a radius of 1° (Albert et al. 2020), the source 3HWC J1757-240 in the 3HWC catalog is located ∼38′ east from the center of UKS 1. The extension of this source overlaps with the complex W28 field that encompasses four known TeV sources: HESS J1801-233 and HESS J1800-240A/B/C (Aharonian et al. 2008).
While the interactions between the supernova remnant W28 and surrounding molecular clouds can produce γ-rays (e.g., Phan et al. 2020), we speculate that the low angular resolution of the extended-source search, as reported by Albert et al. (2020), might blend several sources into a single extended source. This will lead to a bias in identifying the nature of the source. To address this issue, we performed a search using the 3HWC significance map resulting from a point-source search, assuming a power-law energy spectrum with an index of 2.5. In the top panel of Fig. 3, we show a 6 ° ×6° 3HWC significance map centered on UKS 1. To better illustrate the significance variation, we have included the contours for significance levels of 3σ, 3.3σ, 4σ, and 4.3σ. The peak significance of the feature in proximity to UKS 1 is located at RA = 17h55m54.38s, Dec = −23 ° 57′30.96″ (J2000), with a significance of 4.4σ. With a trial factor of 27, this corresponds to a post-trial probability of 2.9 × 10−4 as fluctuation. It is displaced from the center of UKS 1 by ∼23′ in the direction of N60.7°E. Interestingly, we found the displacement almost traces the direction opposite to the proper motion of UKS 1 ((μα cos δ, μδ) = (−2.77, −2.43) mas yr−1; Fernández-Trincado et al. 2020), namely, toward S48.7°W. The direction of the GC’s proper motion is illustrated by the arrow in Fig. 3.
	[image: thumbnail]	Fig. 3. Top panel: 6 ° ×6° 3HWC significance map around the center of UKS 1 from a point-source search with contours illustrating significance levels of 3σ, 3.3σ, 4σ, and 4.3σ. The location and extent of nearby TeV sources are indicated by yellow circles. The red-dashed lines shows the orientation of Galactic plane. Bottom panel: Close-up view within 3 ° ×3° of the Fermi-LAT TS map, with 3HWC contours overlaid. The black crosses and white arrows in both panels illustrate the center and the direction of the proper motion of UKS 1, respectively. Top is north and left is east. A scale bar of 1° is given in both panels.



The location and extension of the nearby TeV sources found by Aharonian et al. (2008) are indicated by yellow circles in the top panel of Fig. 3. This shows that the feature associated with UKS 1 is well-resolved from nearby TeV sources. HESS J1801-233 is identified as a separate source in this significance map resulting from a point-source search and there is no evidence for any excess at the locations of HESS J1800-240A/B/C (the yellow circles in Fig. 3).
To compare the γ-ray excesses as observed by Fermi and HAWC, we show a close-up view of the 3 ° ×3° region centered on UKS 1 as observed by LAT with the 3HWC significance contours overlaid in the lower panel of Fig. 3. Both excesses are apparently extended in a similar orientation toward the Galactic plane (the red dashed line in the top panel of Fig. 3).
Based on 3HWC survey data, the differential flux at the peak position of the TeV feature is found to be [image: equation] cm−2 s−1 TeV−1. Assuming the differential flux is at 7 TeV, we have also plotted the TeV flux together with the Fermi-LAT SED in Fig. 2 for comparison.
3. Summary and discussion
In this Letter, we report the detection of a GeV γ-ray feature at the location of the GC UKS 1, which may be associated with a TeV excess identified in the 3HWC survey data. While the TeV feature is well-resolved from other known VHE sources, it lies in a complex region of the γ-ray sky (H. E. S. S. Collaboration 2018), intersecting with the W28 supernova remnant field (Aharonian et al. 2008) and viewed through the Galactic bulge. As such, the possibility of source confusion or contamination cannot be firmly ruled out with current data. Thus, follow-up VHE γ-ray observations are needed to improve confidence in the association between the observed GeV and TeV features.
We estimated the full-band GeV γ-ray luminosity of UKS 1 to be [image: equation] erg s−1, of which 20 percent is below 10 GeV and could be attributed to curvature radiation originating from its population of MSPs (e.g., Venter et al. 2009). Such a luminosity would imply the presence of a potentially large population of 119 ± 100 MSPs in UKS 1, if they have an average spin-down power of ⟨Ė⟩ ∼ 2 × 1034 erg s−1 and characteristic γ-ray conversion efficiency of ∼0.08 (Abdo et al. 2010). This population may operate as a powerful engine for the production of relativistic leptons and driving collective pulsar winds. However, the high velocity of UKS 1 through the Galactic disk (approximately ∼270 km s−1; see Fernández-Trincado et al. 2020; Baumgardt & Vasiliev 2021) would place the resulting bow shock at Rbs ≈ 0.6 pc under typical Galactic disk conditions (∼0.1 cm−3 for the warm ionized component of the interstellar medium) and assuming efficient mixing of pulsar and stellar winds, mass-loaded at a rate of ∼10−6 M⊙ yr−1 (Bednarek & Sobczak 2014). This distance is comparable to the core radius of UKS 1 (McCarver et al. 2024), suggesting that the GC wind would be confined by the bow shock, forming a trailing magnetotail. This configuration would result in a distorted, non-spherical VHE emission morphology.
Particles accelerated at this shock primarily cool via ICS in background interstellar and cosmological radiation and optical radiation fields from GC stars. Given the relatively low stellar luminosity of ∼4 × 104 L⊙ for UKS 1 (Galactic GCs usually range from 105 − 106 L⊙; Hilker et al. 2020), the cooling length scale for particles at multi-TeV energies at the bow shock location is on the order of ∼100 pc (if adopting the relations in Bednarek & Sobczak 2014). This allows them to propagate deep into the GC’s magnetotail before losing significant energy, where the scattering in self-amplified magnetic turbulence isotropizes the particle pitch angle distribution. Thus, their displaced VHE ICS emission becomes observable (Krumholz et al. 2024).
This scenario is consistent with the observed 0.39° offset of the HAWC TeV emission peak, corresponding to a physical displacement of ∼100 pc, if the emission is driven primarily by particles of energies in the range of 1–10 TeV. It also accounts for the system’s relatively high TeV luminosity compared to the MSP spin-down power, as radiative ICS losses are not severe in the weak starlight of UKS 1. If the ≳10 GeV emission is dominated by ICS and the spectral shape resembles that of the VHE-confirmed Ter 5, we would estimate the full-band TeV ICS luminosity of UKS 1 may be as high as [image: equation] erg s−1. For comparison, the starlight intensity in the direction of Ter 5 is much stronger, leading to more radiative cooling and a lower TeV-to-GeV flux ratio. As a result, the detected TeV-to-GeV flux ratio of UKS 1 is an order of magnitude higher than that of Ter 5 (see Kong et al. 2010; H. E. S. S. Collaboration 2011).
This interpretation sets UKS 1 apart from the typical GCs in our Galaxy. In particular, its expected large MSP population and relatively low stellar luminosity drives unusually bright GeV emission, substantial lepton injection, and, in particular, favorable conditions for extended, offset TeV emission. If follow-up observations confirm UKS 1 as the origin of the 3HWC γ-ray excess, it would not only firmly establish GCs as a distinct VHE source class, but also provide a natural laboratory to test cosmic ray transport theories given its particularly extended TeV emission.


1 https://github.com/fermi-lat/Fermitools-conda/


2 https://data.hawc-observatory.org/datasets/3hwc-survey/fitsmaps.php
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Appendix A:  Excesses around UKS 1 as observed by Fermi LAT
After subtracting contributions from the 4FGL sources, Galactic diffuse background and the extragalactic isotropic background, γ-ray excesses have been found in the field around UKS 1 (Fig. A.1). For better estimation of the detection significance and properties of UKS 1, these excesses have to be removed.
To account for their contribution, we first re-ran the likelihood analysis, adding point sources at locations A and B (see Fig. A.1) to the model, each modeled with a power-law spectrum. However, an excess remained at location C. To address this, we added an additional point source at location C and repeated the analysis. The results are summarized in tab:excess.
	[image: thumbnail]	Fig. A.1. 3 ° ×3° Fermi-LAT TS map showing the γ-ray excess found around UKS 1.



Table A.1. 
Locations and spectral parameters of additional point-source models used to account for and subtract the γ-ray excesses around UKS 1.
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	[image: thumbnail]	Fig. 1. Left panel: TS map of the 2 ° ×2° region centered on UKS 1 with the best-fit diffuse background and contributions from the 4FGL sources subtracted. The black circle represents the tidal radius (3.2′) of UKS 1 at a distance of 15.6 kpc (Fernández-Trincado et al. 2020). The colour scale shows the TS value of every bin of 0.1 ° ×0.1°. Right panel: Same as the left panel, but with three additional sources further subtracted (see Appendix A).
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	[image: thumbnail]	Fig. 2. Spectral energy distribution (SED) of the γ-ray emission originating from the direction of UKS 1, as observed by Fermi-LAT (black data points). The blue dashed-line is the best-fit PL model. The shaded region illustrates the uncertainty of this model. The PLEC fit is also plotted for comparison. Both models and LAT data in this plot are the results with the surrounding excess sources removed. The estimated energy flux derived from the differential flux given by the 3HWC data at 7 TeV is shown in red.
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	[image: thumbnail]	Fig. 3. Top panel: 6 ° ×6° 3HWC significance map around the center of UKS 1 from a point-source search with contours illustrating significance levels of 3σ, 3.3σ, 4σ, and 4.3σ. The location and extent of nearby TeV sources are indicated by yellow circles. The red-dashed lines shows the orientation of Galactic plane. Bottom panel: Close-up view within 3 ° ×3° of the Fermi-LAT TS map, with 3HWC contours overlaid. The black crosses and white arrows in both panels illustrate the center and the direction of the proper motion of UKS 1, respectively. Top is north and left is east. A scale bar of 1° is given in both panels.
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	[image: thumbnail]	Fig. A.1. 3 ° ×3° Fermi-LAT TS map showing the γ-ray excess found around UKS 1.
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        Spectral energy distribution (SED) of the γ-ray emission originating from the direction of UKS 1, as observed by Fermi-LAT (black data points). The blue dashed-line is the best-fit PL model. The shaded region illustrates the uncertainty of this model. The PLEC fit is also plotted for comparison. Both models and LAT data in this plot are the results with the surrounding excess sources removed. The estimated energy flux derived from the differential flux given by the 3HWC data at 7 TeV is shown in red.
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        Top panel: 6 ° ×6° 3HWC significance map around the center of UKS 1 from a point-source search with contours illustrating significance levels of 3σ, 3.3σ, 4σ, and 4.3σ. The location and extent of nearby TeV sources are indicated by yellow circles. The red-dashed lines shows the orientation of Galactic plane. Bottom panel: Close-up view within 3 ° ×3° of the Fermi-LAT TS map, with 3HWC contours overlaid. The black crosses and white arrows in both panels illustrate the center and the direction of the proper motion of UKS 1, respectively. Top is north and left is east. A scale bar of 1° is given in both panels.

      

    

  
    
      Fig. A.1. 
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        3 ° ×3° Fermi-LAT TS map showing the γ-ray excess found around UKS 1.

      

    

  
    
      Table A.1. 

      Locations and spectral parameters of additional point-source models used to account for and subtract the γ-ray excesses around UKS 1.

      
        





	Source
	RA (J2000)
	Dec (J2000)
	Γ
	Fγ



	
	degree
	degree
	
	





	A
	267.172°
	-25.172°
	2.36 ± 0.15
	2.32 ± 2.82



	B
	268.812°
	-22.746°
	2.99 ± 0.02
	7.49 ± 0.30



	C
	269.092°
	-23.395°
	2.12 ± 0.02
	1.79 ± 0.30





      

      
Notes. Γ is the photon index. Photon flux in 0.3-100 GeV Fγ in unit of 10−9 photon cm−2 s−1.
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