Table S1 Dipolar Hamiltonian in the rotating frame
	Rank (q)
	Order (p)
	Spin operator ()
	Spatial variable ()
	Frequency ()

	0
	0
	
	
	0

	
	1
	
	
	

	
	2
	
	
	

	1
	0
	
	
	

	
	1
	
	
	

	-1
	0
	
	
	

	
	1
	
	
	

	2
	0
	
	
	

	-2
	0
	
	
	




Table S2 Dipolar Hamiltonian in the tilted doubly rating frame
	Rank (q)
	Order (p)
	Spin operator 
()
	Spatial variable ()
	Frequency 
()

	0
	0
	
	
	0

	
	1
	
	
	

	
	2
	
	
	

	
	3
	
	
	

	
	4
	
	
	

	
	5
	
	
	

	
	6
	
	
	

	
	7
	
	
	

	
	8
	
	
	





	Rank (q)
	Order (p)
	Spin operator 
()
	Spatial variable ()
	Frequency 
()

	1
	0
	
	
	

	
	1
	
	
	

	
	2
	
	
	

	
	3
	)
	
	

	
	4
	
	
	

	
	5
	
	
	

	
	6
	
	
	

	
	7
	
	
	

	
	8
	
	
	







	Rank (q)
	Order (p)
	Spin operator 
()
	Spatial variable ()
	Frequency 
()

	-1
	0
	
	
	

	
	1
	
	
	

	
	2
	
	
	

	
	3
	)
	
	

	
	4
	
	
	-

	
	5
	
	
	

	
	6
	
	
	

	
	7
	
	
	

	
	8
	
	
	






	Rank (q)
	Order (p)
	Spin operator
 ()
	Spatial variable ()
	Frequency 
()

	2
	0
	
	
	

	
	1
	
	
	

	
	2
	
	
	

	
	3
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	4
	
	
	

	
	5
	
	
	

	
	6
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	7
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	Rank (q)
	Order (p)
	Spin operator 
()
	Spatial variable ()
	Frequency
 ()

	-2
	0
	
	
	

	
	1
	
	
	

	
	2
	
	
	

	
	3
	)
	
	

	
	4
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	6
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Table S3 Solomon relaxation matrix components in the tilted doubly rotating frame
	Matrix element 
(row column)
	Relaxation rate
 (, , , )

	11
	

	22
	

	33
	

	44
	

	55
	

	66
	

	12, 21
	

	13, 31
	

	14, 41
	

	15, 51
	

	16, 61
	

	23, 32
	

	24, 42
	

	25, 52
	

	26, 62
	

	34, 43
	

	35, 53
	

	36, 63
	

	45, 54
	

	46, 64
	

	56, 65
	


As discussed in the text, only the time-independent terms contribute to the evolution of the density matrix. Terms proportional to linear powers of CI, SI, CS, SS are modulated rapidly compared to relaxation rates and thus over times long compared to the period of modulation, but short compared to relaxation, their effect averages to zero. Terms proportional to CI2 and SI2, for example, can be replaced by  and , respectively. By a similar argument to that above the  terms also do not contribute, so that CI2 and SI2 can be replaced by ½ in the expressions above. For unlike spins, the products CI × CS and SI × SS also can be neglected since , while for like spins each of these terms can be replaced by the factor ½.
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