
    
      Fig. 1. 
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        Evolution of the merger rate density in the comoving frame as a function of redshift for the BNS populations used in the present work. Our fiducial population is obtained with a common envelope efficiency αCE = 3 and is represented by the orange solid line. The pessimistic and optimistic populations are obtained with αCE = 0.5 and 5 and are shown by blue and green solid lines, respectively. The grey area shows the 90% credible interval of the local merger rate density, as inferred from the first three observing runs of LIGO, Virgo, and KAGRA (Abbott et al. 2023).

      

    

  
    
      Table 1. 

      Detector specification of CTA (α-configuration) as compared to the current-generation IACT (i.e., MAGIC).

      
        


	Telescope
	Components
	Energy band [TeV]
	FoV [deg2]
	[image: equation] [s]





	MAGIC
	2 (North)
	0.03–∼10
	∼7
	∼20



	CTA-LST
	4 (North) + 2( * ) (South)
	0.02–∼5
	13 ( * *)
	20



	CTA-MST
	9 (North) + 14 (South)
	0.15–5
	44 ( * *)
	90



	CTA-SST
	37 (South)
	5–300
	> 50
	60





      

      
Notes. The first column indicates the telescope name, and the second, third, fourth, and fifth columns correspond to the expected number of telescopes, the covered energy band, the field of view, and the slewing time, tslew, to re-point the telescopes. ( * )Initially not included in the CTA-array and recently funded d by PNRR program by the Italian government. ( * *)As described in the text, a FoV of 10 deg2 and 30 deg2 are used for the LST and MST in the present analysis.



    

  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
        General observation scheme for detection of the VHE prompt emission phase of the BNS merger. The low-frequency observations made possible by the next generation of GW detectors will enable an inspiraling BNS system to be detected and localized before the merger. A pre-merger alert for the event is sent and the VHE detectors can rapidly point to the target during the merger. The delay between the GW and VHE emission is assumed to be within our exposure time of 20 s.

      

    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Intrinsic (assumed) and observed spectra for VHE transient events with specific spectral indices (Γ) and cutoff (Ec) for the isotropic energy [image: equation] erg in the 0.2–1 TeV band and redshift of 0.1. The observed spectra are corrected for the EBL attenuation following the prescription of Domínguez et al. (2011). The dot-dashed and solid lines represent the intrinsic and the EBL-attenuated observed spectra, respectively. The shapes of the observed spectra with respect to the intrinsic spectra differ more for harder spectra (extending to higher energy) than the softer ones due to the greater EBL absorption.

      

    

  
    
      Table 2. 

      Number of detected (network S/N > 8) BNS mergers per year within z = 1.5 for different GW detector configurations.

      
        


	Detector
	Ω
	All orientation BNSs




	
	[deg2]
	15 min
	5 min
	1 min
	0 min





	ET
	10
	4 [0, 4]
	5 [0, 9]
	8 [0, 11]
	14 [1, 27]



	
	




	
	30
	16 [0, 22]
	25 [2, 40]
	42 [3, 72]
	81 [6, 157]



	
	




	
	100
	63 [4, 117]
	130 [8, 255]
	208 [16, 435]
	436 [33, 919]



	
	




	
	1000
	445 [26, 1024]
	948 [61, 2225]
	1511 [89, 3429]
	3130 [194, 7021]



	




	ET+LVIK+
	1
	n.d.
	n.d.
	n.d.
	38 [3, 91]



	
	




	
	10
	4 [0, 4]
	6 [0, 9]
	9 [0, 13]
	1296 [72, 3094]



	
	




	
	30
	16 [0, 22]
	25 [2, 40]
	47 [3, 89]
	7790 [418, 17106]



	
	




	
	100
	63 [4, 117]
	131 [8, 256]
	244 [16, 503]
	37046 [2034, 78383]



	
	




	
	1000
	445 [26, 1024]
	956 [61, 2237]
	1764 [107, 4047]
	99040 [5312, 203579]



	




	ET+2VOY
	1
	n.d.
	n.d.
	n.d.
	30 [3, 112]



	
	




	
	10
	4 [0, 4]
	6 [0, 9]
	11 [2, 21]
	927 [105, 4200]



	
	




	
	30
	16 [0, 22]
	26 [2, 41]
	55 [3, 125]
	5202 [603, 23345]



	
	




	
	100
	63 [4, 117]
	132 [9, 267]
	292 [22, 751]
	25775 [2161, 84612]



	
	




	
	1000
	445 [26, 1025]
	984 [63, 2339]
	2189 [163, 6222]
	85799 [5342, 205575]



	




	ET+CE
	1
	n.d.
	4 [0, 3]
	3 [0, 11]
	177 [9, 400]



	
	




	
	10
	12 [0, 13]
	51 [2, 112]
	185 [10, 430]
	6656 [366, 14836]



	
	




	
	30
	37 [1, 66]
	253 [15, 587]
	915 [47, 2107]
	36782 [2022, 78357]



	
	




	
	100
	168 [11, 369]
	1325 [73, 3034]
	5075 [263, 11255]
	123303 [6422, 250439]



	
	




	
	1000
	1229 [69, 2862]
	15497 [896, 34487]
	69423 [3703, 144222]
	194834 [10065, 388038]



	




	ET+2CE
	0.1
	n.d.
	n. d.
	n. d.
	158 [9, 354]



	
	




	
	1
	1 [0, 3]
	7 [0, 8]
	30 [0, 58]
	5999 [348, 13383]



	
	




	
	10
	16 [0, 22]
	125 [7, 320]
	675 [41, 1570]
	105931 [5628, 215840]



	
	




	
	30
	58 [2, 119]
	624 [39, 1446]
	3070 [164, 7023]
	173679 [9097, 348009]



	
	




	
	100
	247 [19, 550]
	2784 [150, 6498]
	15910 [867, 34921]
	219966 [11419, 438414]



	
	




	
	1000
	1640 [91, 3831]
	25848 [1494, 57007]
	135482 [7130, 276082]
	243459 [12537, 483247]





      

      
Notes. ET as a single detector; ET plus second-generation detectors including phase plus LIGO-L, LIGO-H, LIGO-I, Virgo, and KAGRA; ET plus two Voyager located in USA; ET plus CE(40 km) located in USA; ET plus two CE(40 km), one in USA and one in Australia. The three pre-merger scenarios (15, 5, and 1 min before the merger) and the scenario at the time of the merger are shown in different columns. For each detector configuration, the rows give the number of detections with sky-localization (90%c.l.) within 10, 30, 100, and 1000 deg2. When the number of detections is nonnegligible, rows are added for 1 and 0.1 deg2. We show the number of detected BNS mergers for our fiducial BNS population (αCE = 3) and in square brackets the number for the pessimistic (αCE = 0.5) and optimistic (αCE = 5) BNS populations. The number of GW detections per year is obtained assuming a duty cycle of 0.85 (see text). The flag “n.d.” indicates no detection.



    

  
    
      Fig. 5. 
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        Cumulative number of detections (S/N > 8) per year for different networks of GW detectors considering 15, 5, and 1 min before the merger and at the merger time. The top panels show the detections considering BNS systems with all orientations. The bottom panels show the detections of BNS systems with a viewing angle smaller than 10° (on-axis events), a fraction of which are expected to produce detectable VHE emissions. For each of the simulations, the injected BNSs are within redshift z = 1.5. The quoted detection numbers refer to the fiducial population and are obtained assuming a duty cycle of 0.85 (see text). For the 15 and 5 min pre-merger scenarios, the ET+LVKI+ and ET+2VOY do not show any significant difference with respect to ET as a single observatory (the red and green lines lie under the purple line).

      

    

  
    
      Fig. 6. 

      
        [image: thumbnail]
      

      
        Redshift distribution of sky-localization uncertainty (given as 90% credible region) for three detector configurations: ET, ET+CE, and ET+2CE. The absolute numbers refer to the fiducial BNS population sample and detections within a redshift of 1.5 per year of observation assuming a duty cycle of 0.85 (see text). The panels show the detections and the corresponding sky-localizations as a function of the redshift 15, 5, and 1 min before the merger and at the merger time. The blue histogram (“All”) shows all the detected sources.

      

    

  
    
      Fig. 7. 

      
        [image: thumbnail]
      

      
        Expected number of detections by CTA-MST using the one-shot observation strategy (left column). The estimates of the number of possible VHE counterparts are based on the on-axis BNS systems (systems injected with θv < 10° in our simulations) and are evaluated as described in the text (see Eq. (6)). These estimates assume that all BNS produce a jet. They take into account the sky-localization (Ωi) of each event, the MST field of view of 30 deg2, the CTA duty cycle of 15%, and the CTA visibility limited to a zenith angle larger than 60° (minimum elevation of 30°). The fraction of CTA time spent following all the GW alerts with the sky-localization smaller than the one indicated on the x-axis is given by the plots in the central column. To observe each event (independent of the sky-localization) the observational time (tobs) is considered, given by the sum of slewing time (tslew = 90 s), an additional re-positioning time (trep = 10 s), and the exposure time (texp = 20 s). The plots in the right column show the CTA time when only triggers with an observed θv < 45° are followed up resulting in a significant reduction of CTA time.

      

    

  
    
      Table 4. 

      Observational strategies of following up pre-merger alert events with CTA-MST.

      
        














	Time before merger
	MST-a
	MST-b
	MST-c
	MST-d





	15 min
	Event detected
	
	Event detected with sky-loc < 103 deg2
	



	




	14.5 min
	Alert received
	
	Alert received
	



	




	5 min
	
	Event detected
	
	Event detected with sky-loc < 103 deg2



	




	4.5 min
	
	Alert received
	
	Alert received



	




	100 s
	Start slewing



	




	60 s
	
	
	Parameters updated



	




	30 s
	
	
	Updates received



	




	10 s
	Sky-loc reached
	Sky-loc reached
	Sky-loc reached



	Repositioning on the updated sky-loc




	Updated sky-loc reached



	




	Merger time
	
	20 s of exposure



	




	
	
	talert = 30 s



	
	Assumed time:
	tslew = 90 s



	
	
	trep = 10 s



	
	
	texp = 20 s



	
	




	
	Total CTA time required:
	tobs = 120 s



	




	Results
	Fig. 7 (top row)
	Fig. 7 (bottom row)
	Fig. 9 (top left plot)
	Fig. 9 (bottom left plot)





      

      
Notes. For all the strategies shown (MST-a, MST-b, MST-c, MST-d), MST starts slewing to the sky-localization at about 100 s before the merger time, following the alerts and parameters received at 14.5 min (MST-a and MST-c) or 4.5 min (MST-b and MST-d) before the merger. In the MST-c and MST-d scenarios the updated sky-localization estimated 1 min before the merger is used to re-position the MST array in about 10 s. In the MST-c and MST-d scenarios, we follow up only sky-localizations smaller than 103deg2 estimated 15 and 5 min before the merger, respectively. The table gives the values assumed for the time to detect, transmit, and receive the alert (talert), for the MST slewing time tslew, for the MST re-positioning time trep, and for the MST exposure time (texp). In all four strategies the total CTA-MST time necessary for a one-shot observation is 120 s.



    

  
    
      Table 5. 

      Observational strategies of following up pre-merger alert events with CTA-LST.

      
        


	 Time before merger
	LST-a
	LST-b
	LST-c
	LST-d
	LST-e





	 15 min
	Event detected
	
	
	Event detected with sky-loc < 103 deg2
	



	




	14.5 min
	Alert received
	
	
	Alert received
	



	




	5 min
	
	Event detected
	
	
	Event detected with sky-loc < 103 deg2



	




	4.5 min
	
	Alert received
	
	
	Alert received



	




	60 s
	
	
	Event detected
	Parameters updated



	




	30 s
	Start slewing
	Alert received +Start slewing
	Start slewing



	




	10 s
	Sky-loc reached
	Sky-loc reached




	Repositioning on the updated sky-loc




	Updated sky-loc reached



	




	Merger time
	
	20 s of exposure



	




	
	
	talert = 30 s



	
	Assumed time:
	tslew = 20 s



	
	
	trep = 10 s



	
	
	texp = 20 s



	
	




	
	Total CTA time required:
	tobs = 50 s



	




	Results
	Fig. 8 (top row)
	Fig. 8 (middle row)
	Fig. 8 (bottom row)
	Fig. 9 (top right plot)
	Fig. 9 (bottom right plot)





      

      
Notes. Taking into account the faster slewing of LST (tslew) with respect to MST, the slewing to reach the sky-localization starts 30 s before the merger in all the five strategies (LST-a, LST-b, LST-c, LST-d, LST-e). The alerts received at 14.5 before the merger are followed in the LST-a scenario, those received 4.5 min in LST-b, and those received 30 s before the merger in LST-c. Considering an alert time (talert) of 30 s, the 1 min alerts can also be followed up (LST-c). The last two columns show the scenarios LST-d and LST-e where the LST array follows up sky-localization smaller than 103 deg2 obtained at 15 and 5 min and then is re-positioned within the updated sky-localization obtained 1 min before the merger and received 30 s before the merger. The re-positioning time (trep) of 10 s has also been added to the total observation time for LST-a, LST-b, and LST-c to make the follow-up procedure safer. In the five cases described above the total CTA-LST time for one observation is 50 s.



    

  
    
      Fig. 8. 
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        Same as Fig. 7, but considering LSTs. A FoV of ∼10 deg2 is used and the observational time for each event (tobs) of 50 s is given by the slewing time (tslew) of 20 s, an additional repositioning time of 10 s, and the exposure time (texp) of 20 s. Thanks to the rapid slew time for LST, we also consider the scenario where the 1 min pre-merger alerts are directly followed.

      

    

  
    
      Fig. 10. 

      
        [image: thumbnail]
      

      
        Same as Fig. 7, but with a FoV of 100 deg2 using CTA-MST divergent pointing operation. The individual telescopes in the sub-array are pointed with an offset (i.e., 3°) to obtain a larger FoV.

      

    

  
    
      Fig. A.1. 

      
        [image: thumbnail]
      

      
        Cumulative number of detections (S/N> 8) per year for different networks of GW detectors considering 15, 5, and 1 min before the merger, and at the merger time considering the pessimistic (top row) and optimistic (bottom row) BNS merger population scenarios. The number of injected BNSs is set to 2.0 × 104 and 4.0 × 105 within redshift z = 1.5 for the pessimistic and optimistic scenarios, respectively. The plots show the detections considering BNS systems with all orientations.

      

    

  
    
      Fig. A.2. 

      
        [image: thumbnail]
      

      
        Same as Fig. A.1, but for the detections of BNS systems with a viewing angle smaller than 10° (on-axis events), a fraction of which are expected to produce detectable VHE emissions.

      

    

  
    
      Fig. B.1. 

      
        [image: thumbnail]
      

      
        Distribution of uncertainties on viewing angle (Δθv) as estimated by GWFish vs injected θv of our fiducial population of BNS mergers for different detector configurations (ET, ET+CE, and ET+2CE) and for different pre-merger alert times (15 min, 5 min, 1 min) and at the time of the merger. The solid lines correspond to Δθv/θv = 0.1 and 0.5. The vertical color bar indicates the redshift of each event. The plots show only the BNS mergers below redshift 1.5. The uncertainty on the viewing angle, Δθv, is larger in the case of on-axis events.

      

    

  
    
      Fig. C.1. 

      
        [image: thumbnail]
      

      
        Improvement in sky-localization estimates closer to merger time. The blue histograms in the top panels show the sky-localizations obtained 15 min before the merger and in the bottom panels 5 min before the merger. The 1 min (orange) histograms show the sky-localization estimates for the same events. Re-positioning CTA within the updated (smaller) sky-localization released 1 min before the merger increases the chance of VHE detection.
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