
    
      Table 2 

      List of astrometric points from IRDIS observations.

      
        


	Date
	Planet b ΔRA ; ΔDec (mas)
	Planet c ΔRA ; ΔDec (mas)
	Planet d ΔRA ; ΔDec (mas)
	Planet e ΔRA ; ΔDec (mas)





	2014-07-12
	1570 ± 3; 704 ± 3
	−521 ± 3; 790 ± 9
	−391 ± 2; −530 ± 2
	−387 ± 2; −10 ± 3



	2014-12-04
	1574 ± 3; 701 ± 2
	−514 ± 3; 798 ± 4
	−399 ± 4; −525 ± 4
	−389 ± 8; 11 ± 4



	2014-12-05
	1574 ± 4; 701 ± 3
	−512 ± 3; 798 ± 4
	−400 ± 4; −523 ± 4
	−390 ± 7; 12 ± 4



	2014-12-06
	1573 ± 3; 701 ± 3
	−512 ± 3; 797 ± 4
	−403 ± 4; −524 ± 4
	−383 ± 8; 11 ± 4



	2015-07-03
	1579 ± 1;694 ± 1
	−498 ± 1; 806 ± 1
	−417 ± 1; −517 ± 1
	−383±9; 33 ±5



	2015-07-30
	1580 ± 5; 689 ± 3
	−495 ± 2; 806 ± 2
	−419 ± 2; −516 ± 1
	−386 ± 1; 36 ± 1



	2015-09-27
	1580 ± 1; 688 ± 1
	−494 ± 1; 811 ± 1
	−426 ± 1; −512 ± 1
	−382±9; 50 ±5



	2016-11-17
	1589 ± 2; 666 ± 1
	−464 ± 2; 824 ± 2
	−454 ± 2; −490 ± 2
	−378 ± 4; 90 ± 2



	2017-06-14
	1591 ± 1; 653 ± 1
	−449 ± 1; 835 ± 1
	−472 ± 2; −482 ± 2
	−373 ± 3; 118 ± 2



	2017-10-11
	1595 ± 1;647 ± 1
	−441 ± 1; 839 ± 1
	−480 ± 1; −477 ± 1
	−369 ± 1; 128 ± 1



	2017-10-12
	1595 ± 1;647 ± 1
	−441 ± 1; 839 ± 1
	−480 ± 1; −477 ± 1
	−371 ± 2; 128 ± 2



	2018-06-18
	1601 ± 1;635 ± 1
	−424 ± 1; 848 ± 1
	−497 ± 2; −463 ± 2
	−358 ± 2; 156 ± 2



	2018-08-17
	1601 ± 2; 632 ± 3
	−421 ± 1; 850 ± 1
	−502 ± 1; −461 ± 1
	−357 ± 1; 162 ± 2



	2018-08-18
	1600 ± 1;632 ± 1
	−421 ± 1; 851 ± 1
	−502 ± 2; −458 ± 1
	−358 ± 2; 163 ± 1



	2019-10-31
	1606 ± 2; 615 ± 2
	−392 ± 2; 875 ± 2
	−532±3; −425±2
	−338 ± 2; 215 ± 2



	2019-11-01
	1611 ± 1; 611 ± 1
	−388 ± 2; 870 ± 2
	−530 ± 2; −430 ± 1
	−335 ± 1; 210 ± 1



	2021-08-20
	1626 ± 1; 578 ± 2
	−339 ± 2; 890 ± 2
	−563 ± 2; −391 ± 2
	−287 ± 4; 272 ± 2





      

    

  
    
      Table 4 

      Values for the mass of each planet calculated using the evolutionary models in the different IRDIS filters.

      
        


	Filter
	Planet e (MJup)
	Planet d (MJup)
	Planet c (MJup)
	Planet b (MJup)





	BB_H
	8.9 ± 1.1
	8.4 ± 0.9
	8.5 ± 0.9
	6.4 ± 0.6



	D_H2
	7.0 ± 0.3
	6.6 ± 0.3
	6.7 ± 0.3
	4.6 ± 0.3



	D_H3
	8.5 ± 0.3
	8.1 ± 0.2
	8.3 ± 0.3
	6.8 ± 0.3



	D_K1
	9.6 ± 0.3
	9.3 ± 0.3
	9.3 ± 0.2
	6.7 ± 0.3



	D_K2
	10.5 ± 0.1
	10.5 ± 0.1
	10.4 ± 0.1
	9.0 ± 0.3





      

      
Notes. The age of the system is assumed to be 42 Myr. The error is the standard deviation between different observations with the same filter.




    

  
    
      Table 5 

      List of astrometric points from the LBT/LUCI observation.

      
        


	Date
	Planet b ΔRA; ΔDec (mas)
	Planet c ΔRA; ΔDec (mas)
	Planet d ΔRA; ΔDec (mas)
	Planet e ΔRA; ΔDec (mas)





	2020-09-29
	1620 ± 1; 591 ± 3
	−364±2; 883 ± 1
	−551 ± 1; −415 ± 4
	−315 ± 3; 242± 5





      

    

  
    
      Table 6 

      Osculating, heliocentric elements of the best-fitting solutions at the epoch of 1998.830.

      
        


	Model IVPO:
	m⋆ = 1.52 M⊙,
	Π = 24.2585686 mas (24.26 ± 0.05) mas,
	[image: equation], v = 441, dim p = 11



	
	m (MJup)
	a (au)
	e
	I(deg)
	Ω(deg)
	ϖ(deg)
	M(deg)





	HR8799e
	8.1 ± 0.7
	16.28 ± 0.03
	0.147 ± 0.001
	
	
	110.8 ± 0.5
	336.8 ± 0.5



	
	8.24465258
	16.2817072
	0.147508399
	
	
	110.765660
	336.793683



	HR8799d
	9.5 ± 0.1
	26.78 ± 0.08
	0.115 ± 0.001
	
	
	29.4 ± 0.9
	59.8 ± 0.8



	
	9.48438158
	26.7888442
	0.01154150
	
	
	29.4676779
	59.6448288



	HR8799c
	7 7±0 5
	41.40 ± 0.10
	0.055 ± 0.002
	26.9 ± 0.2
	62.2 ± 0.4
	92.1 ± 0.5
	145.6 ± 0.8



	
	7.64047381
	41.3945527
	0.05485344
	26.8923597
	62.2416412
	92.1126122
	145.7203489



	HR8799b
	6.0 ± 0.4
	71.95 ± 0.13
	0.017 ± 0.001
	
	
	44.4 ± 3.0
	309.2 ± 2.6



	
	6.01476193
	71.9477733
	0.017597398
	
	
	44.6384383
	309.291519





        


	Model IVPO:
	m⋆ = 1.47 M⊙,
	Π = 24.5256617 mas (24.53 ± 0.04) mas,
	[image: equation], v = 441, dim p = 11



	
	m (MJup)
	a (au)
	e
	I(deg)
	Ω(deg)
	ϖ(deg)
	M(deg)





	HR8799e
	7.6 ± 0.9
	16.10 ± 0.03
	0.148 ± 0.001
	
	
	110.8 ± 0.5
	336.8 ± 0.3



	
	7.4060918
	16.1038912
	0.147675953
	
	
	110.816707
	336.828050



	HR8799d
	9.2 ± 0.1
	26.46 ± 0.09
	0.115 ± 0.002
	
	
	29.1 ± 1.0
	60.0 ± 1.0



	
	9.18999484
	26.45172667
	0.114600334
	
	
	29.0594738
	60.1752106



	HR8799c
	7.7 ± 0.7
	40.97 ± 0.10
	0.054 ± 0.002
	26.9 ± 0.2
	62.2 ± 0.4
	92.3 ± 0.6
	145.5 ± 0.7



	
	7.79611845
	40.9861801
	0.05380902
	26.8734271
	62.1852189
	92.3879462
	145.5347082



	HR8799b
	5.8 ± 0.4
	71.14 ± 0.15
	0.017 ± 0.002
	
	
	43.50 ± 3.0
	310.35 ± 3.0



	
	5.80235941
	71.1427851
	0.01667073
	
	
	42.9704380
	310.895065





        


	Model IVΔn:
	m⋆ = 1.47 M⊙,
	Π = 24.5256617 mas (24.49 ± 0.07) mas,
	[image: equation], v = 429, dim p = 23



	
	m (MJup)
	a (au)
	e
	I(deg)
	Ω(deg)
	ϖ(deg)
	M(deg)





	HR8799e
	7.5 ± 0.6
	16.00 ± 0.10
	0.150 ± 0.004
	
	
	108.8 ± 1.3
	336.00 ± 1.5



	
	7.40609179
	16.1038912
	0.147675954
	
	
	110.816707
	336.828050



	HR8799d
	9.3 ± 0.5
	26.55 ± 0.12
	0.114 ± 0.004
	
	
	28.66 ± 1.2
	60.0 ± 1.0



	
	9.18999484
	26.45172667
	0.11460033
	
	
	29.05947383
	60.1752106



	HR8799c
	7.8 ± 0.6
	41.00 ± 0.15
	0.050 ± 0.003
	26.5 ± 0.5
	63.1 ± 0.5
	91.8 ± 1.0
	145.0 ± 1.0



	
	7.79611845
	40.9861801
	0.05380902
	26.8734271
	62.1852189
	92.3879462
	145.5347082



	HR8799b
	5.8 ± 0.8
	71.3 ± 0.2
	0.017 ± 0.002
	
	
	42.3 ± 1.6
	310.8 ± 2.0



	
	5.80235941
	71.1427851
	0.016670734
	
	
	42.9704380
	310.895065





      

      
Notes. The stellar mass is m⋆ = 1.52 M⊙ or m⋆ = 1.47 M⊙. Uncertainties for parameters in models IVPO and IVΔn are determined as the 16th and 86th percentiles of the samples. Parameter values with 8–9 significant digits are provided in order to reproduce the results of particular integrations. Parameter v = Nobs − dim p is for the degrees of freedom, where Nobs denotes the number of (α, δ) measurements, and dim p is the number of free parameters.




    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Posterior samples for stable solutions characterized with |Δn| < 10−5 rad d−1, and the semi-amplitude of the libration of the Laplace resonance argument |Δθ| < 60°. The starting solution that initiated nearby MCMC walkers in the emcee samplers is the periodic configuration in Tables 6 and 7 (Model 1). Uncertainties for the parameters are determined as the 16th and 86th percentiles of the samples around the median values.

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Residuals to the selected best-fitting, near-resonant four-planet Model 2 in Table 7 for planets HR 8799b and HR 8799c; stellar mass is m⋆ = 1.47 M⊙. The y-axis corresponds to the north (N), and the x-axis corresponds to the east (E) direction, respectively (we note that the numerical values of ΔRA are sign-opposite to regarding the formal left-hand direction of the RA axis). Red filled circles, and yellow and green hexagons are for the IRDIS, IFS, and LUCI measurements reported here, respectively, and dark-blue and light-blue (light-grey) filled circles are for measurements in previous papers and in Konopacky et al. (2016), respectively. Yellow diamonds are for GPI, the grey diamonds are for the early HST data.

      

    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        Orbital evolution of selected long-term-stable solutions with similar astrometric fit quality, but exhibiting qualitatively different stability signatures. The left column is for the exact Laplace resonance, the middle column is for a model displaced from the PO but rigorously stable, and the right column is for a >1 Gyr stable solution characterized by rotation of one critical angle of the 2:1 MMR in the outermost pair. The rows from the top to bottom are for all critical angles of the 2:1 MMR, the critical angle of the generalized Laplace MMR, and eccentricities for subsequent pairs of planets. See Table 7 for the initial conditions labeled from 1 to 3 at the top-left corner of each column.

      

    

  
    
      Table 7 

      Osculating, heliocentric elements of the best-fitting solutions at the epoch of 1998.83 for models illustrated in Fig. 4 and in Figs. 7–8.

      
        


	Model 1:
	m⋆ =1.47 M⊙,
	Π = 24.525662 mas,
	χ2 =1593.22,
	RMS = 7.41 mas,
	log |Δn[rad d−1]| = −12.0



	
	m (MJup)
	a (au)
	e
	I (deg)
	Ω (deg)
	ω (deg)
	m (deg)





	HR8799e
	7.4060918
	16.1038912
	0.1476760
	26.8734271
	62.1852189
	110.8167067
	−23.1719500



	HR8799d
	9.1899948
	26.4517267
	0.1146003
	26.8734271
	62.1852189
	29.0594738
	60.1752106



	HR8799c
	7.7961185
	40.9861801
	0.0538090
	26.8734271
	62.1852189
	92.3879462
	145.5347082



	HR8799b
	5.8023594
	71.1427851
	0.0166707
	26.8734271
	62.1852189
	42.9704380
	−49.1049354





        


	Model 2:
	m⋆ =1.47 M⊙,
	Π = 24.451807 mas,
	χ2 = 1568.19,
	RMS = 7.66 mas,
	log |Δn[rad d−1]| =−6.2



	
	m (MJup)
	a (au)
	e
	I (deg)
	Ω (deg)
	ω (deg)
	m (deg)





	HR8799e
	7.8680000
	15.9753973
	0.1524708
	26.2394739
	63.7770393
	108.3445443
	335.6210695



	HR8799d
	9.6490000
	26.6396632
	0.1145654
	26.2394739
	63.7770393
	28.3126706
	59.7394429



	HR8799c
	7.3081300
	40.9406369
	0.0517422
	26.2394739
	63.7770393
	91.3551907
	145.0637721



	HR8799b
	5.6590700
	71.3289844
	0.0173411
	26.2394739
	63.7770393
	41.6627885
	310.5199311





        


	Model 3:
	m⋆ =1.52 M⊙,
	Π = 24.347839 mas,
	χ2 = 1624.73,
	RMS = 7.66 mas,
	log |Δn[rad d−1]| = −4.5



	
	m (MJup)
	a (au)
	e
	I (deg)
	Ω (deg)
	ω (deg)
	m (deg)





	HR8799e
	8.9817200
	16.1163303
	0.1548634
	27.3470617
	62.9005413
	108.0955330
	336.2997163



	HR8799d
	9.0680400
	26.8768634
	0.1068892
	27.3470617
	62.9005413
	29.2629241
	60.0277429



	HR8799c
	7.2212900
	41.0832702
	0.0627005
	27.3470617
	62.9005413
	91.9708727
	144.7587008



	HR8799b
	6.1950900
	71.7822044
	0.0192741
	27.3470617
	62.9005413
	44.4483815
	308.9107410





        


	Model 4:
	m⋆ =1.52 M⊙,
	Π = 24.305464 mas,
	χ2 = 1564.70,
	RMS = 7.64 mas,
	log |Δn[rad d−1]| = −6.2



	
	m [MJup]
	a [au]
	e
	I (deg)
	Ω (deg)
	ω (deg)
	m (deg)





	HR8799e
	10.6577500
	16.1274692
	0.1496852
	26.9747476
	63.6149718
	107.6133926
	336.6560551



	HR8799d
	9.5739000
	26.8852716
	0.1169394
	26.9747476
	63.6149718
	27.5720349
	60.0200173



	HR8799c
	6.8413200
	41.2618982
	0.0555455
	26.9747476
	63.6149718
	93.1349542
	143.0235158



	HR8799b
	5.7085500
	71.9446080
	0.0217920
	26.9747476
	63.6149718
	45.1149621
	307.6876430





        


	Model 5:
	m⋆ =1.47 M⊙,
	Π = 24.466345 mas,
	χ2 = 1591.33,
	RMS = 7.63 mas,
	log |Δn[rad d−1]| = −6.9



	
	m [MJup]
	a [au]
	e
	I (deg)
	Ω (deg)
	ω (deg)
	m (deg)





	HR8799e
	7.1130900
	15.9976012
	0.1545297
	26.5969851
	62.8989533
	108.8687608
	336.1919760



	HR8799d
	9.8864900
	26.5290674
	0.1122973
	26.5969851
	62.8989533
	27.8297522
	61.2151462



	HR8799c
	7.7520500
	41.1188833
	0.0497536
	26.5969851
	62.8989533
	92.4070918
	144.9763772



	HR8799b
	5.5380200
	71.3013150
	0.0172797
	26.5969851
	62.8989533
	44.6821435
	308.5634968





        


	Model 6:
	m⋆ =1.47 M⊙,
	Π = 24.539234 mas,
	χ2 = 1568.59,
	RMS = 7.63 mas,
	log |Δn[rad d−1]| = −6.2



	
	m [MJup]
	a [au]
	e
	I (deg)
	Ω (deg)
	ω (deg)
	m (deg)





	HR8799e
	7.3387300
	15.9246991
	0.1553777
	26.5990408
	62.7197878
	108.3820177
	336.0139713



	HR8799d
	10.0516400
	26.5092120
	0.1117405
	26.5990408
	62.7197878
	29.2671129
	59.8339479



	HR8799c
	8.0973100
	40.9565104
	0.0509428
	26.5990408
	62.7197878
	91.8212168
	145.6257159



	HR8799b
	5.8932800
	71.1073028
	0.0167537
	26.5990408
	62.7197878
	41.9648749
	311.2692413





      

    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
        Evolution of the inner debris disk as seen on the plane of the sky. The subsequent panels show the instantaneous positions of two inner planets and small asteroids in stable orbits (small colored dots) with a mass of 10−6 MJup at the epoch labeled in the lower-left corner of each graph. We collected 3.3 × 105 particles. Their distribution in the (a0, e0)-plane of osculating, canonical elements at the initial epoch 1998.830 is shown in Fig. 11. The largest filled circles correspond to the positions of the planets HR 8799e and HR 8799d at the snapshot epoch (large filled circles) and the initial osculating epoch (shaded filled circles), respectively. The asteroid colors are for the lowest order MMR types, as indicated in the bottom two plots, or those belonging to the innermost quasi-homogeneous disk (gray points). The 2024.83 epoch covers roughly one orbital period in a 2:1e MMR resonance (dark blue circles) with the innermost planet.

      

    

  
    
      Fig. 11 

      
        [image: thumbnail]
      

      
        Structure of the inner debris disk composed of 3 × 105 Ceres-like asteroids of mass 10−6 MJup on stable orbits, seen in the (a0, e0)-plane of Jacobian (canonical) osculating elements at the initial 1998.830 epoch. The colors of the asteroids indicate the lowest order MMR in which they are involved with HR 8799e, as indicated in the diagrams, or belong to the innermost, quasi-homogeneous disk (gray points) according to Fig. 10. The light gray curve indicates the collision of the orbits with HR 8799e and the red curve is an image of the collision curve shifted by Δa0 ≃ 4 au toward the star. We note that loose points above the collision curve in the top panel represent immediately scattered asteroids on regular but hyperbolic (open) orbits.

      

    

  
    
      Fig. 12 

      
        [image: thumbnail]
      

      
        Possible instant positions (small gray and colored dots) of a hypothetical and still undetected planet of mass 1 MJup on the sky plane, at the epoch labeled in the lower-left corner of each graph. We collected 105 initial conditions. The bottom plot shows their distribution in the (a0, e0)–plane of canonical osculating elements at the initial epoch of 1998.830, similarly to Fig. 11. As in Fig. 10, the largest filled circles correspond to the positions of the planets HR 8799e and HR 8799d at the snapshot epoch (large filled circles) and the initial osculating epoch (shaded filled circles), respectively. Colors mark the lowest order MMR types, as labeled in the bottom plot. The light-gray curve marks the collision zone with HR 8799e, the thinner curve marks the stability zone for m0 = 10−6 MJup (see Fig. 10), and the red curve is the image of the geometric collision curve shifted by Δa0 ≃ 6 au toward the star.

      

    

  
    
      Fig. 13 

      
        [image: thumbnail]
      

      
        HR 8799 architecture: two belts (blue lines), four detected planets (pink circles), and a putative fifth planet (light-blue circle). The pink shaded area represents the extension of the chaotic zone whereas the gray shaded zone represents the extension of the outer disk. The contrast curve for the system is shown in red.

      

    

  
    
      Fig. 14 

      
        [image: thumbnail]
      

      
        Resonance trapping of the HR 8799 system during the migration phase. The upper panel shows the evolution of the semi-major axis of the outer planet at the moment of capture in resonance with the inner three bodies. After the resonance trapping, the semi-major axis remains constant. The middle panel shows the critical argument of the resonance between the two outer planets. After the capture in resonance, the critical argument librates. The same occurs for the Laplace critical argument shown in the bottom panel.

      

    

  
    
      Fig. 15 

      
        [image: thumbnail]
      

      
        Orbital evolution of the HR 8799 system during the migration phase. The upper panel shows the gas density of the disk. The bottom panel shows the semi-major axes of the planets rescaled with constant values for ease of visualization in the same plot.
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