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A n e x p eri m e nt al t est at t h e i nt ers e cti o n of q u a nt u m p h ysi cs a n d g e n er al r el ati vit y is pr o p os e d:

m e a s ur e m e nt of r el ati visti c fr a m e dr a g gi n g a n d g e o d eti c pr e c essi o n usi n g i ntri n si c s pi n of el e ctr o ns.  T h e

b e h a vi or of i ntri n si c s pi n i n s p a c eti m e dr a g g e d a n d  w ar p e d b y a  m assi v e r ot ati n g b o d y is a n e x p eri m e nt all y

o p e n q u esti o n, h e n c e t h e r es ults of s u c h a  m e as ur e m e nt c o ul d h a v e i m p ort a nt t h e or eti c al c o ns e q u e n c es.

S u c h a  m e a s ur e m e nt is p ossi bl e b y usi n g  m m-s c al e f err o m a g n eti c g yr os c o p es i n or bit ar o u n d t h e  E art h.

U n d er c o n diti o ns  w h er e t h e r ot ati o n al a n g ul ar  m o m e nt u m of a f err o m a g n et is s uffi ci e ntl y s m all, a

f err o m a g n et’s a n g ul ar  m o m e nt u m is d o mi n at e d b y at o mi c el e ctr o n s pi ns a n d is pr e di ct e d t o e x hi bit

m a cr os c o pi c g yr os c o pi c b e h a vi or. If s u c h a f err o m a g n eti c g yr os c o p e is s uffi ci e ntl y is ol at e d fr o m t h e

e n vir o n m e nt, r a pi d a v er a gi n g of q u a nt u m u n c ert ai nt y vi a t h e s pi n-l atti c e i nt er a cti o n e n a bl es r e a d o ut of t h e

f err o m a g n eti c g yr os c o p e d y n a mi cs  wit h s uffi ci e nt s e nsiti vit y t o  m e as ur e b ot h t h e  L e ns e- T hirri n g (fr a m e

dr a g gi n g) a n d d e Sitt er ( g e o d eti c pr e c essi o n) eff e cts d u e t o t h e  E art h.
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O n e of t h e  m ost p er pl e xi n g pr o bl e ms i n t h e or eti c al
p h ysi cs is d e visi n g a fr a m e w or k e n c o m p assi n g  Ei nst ei n ’s
t h e or y of g e n er al r el ati vit y ( G R) a n d q u a nt u m  m e c h a ni cs
( Q M) [ 1– 3] .  E x p eri m e nt all y a d dr essi n g t his s u bj e ct li k el y
r e q uir es pr o bi n g dist a n c es at t h e Pl a n c k s c al e, f ar t o o
s h ort t o b e r e a c h e d i n t h e n e ar f ut ur e [ 4].  E v e n at l o n g er
dist a n c es, t h er e h as b e e n a d e art h of e x p eri m e nts pr o bi n g
r e gi m es  w h er e b ot h  G R a n d  Q M ar e ess e nti al t o u n d erst a n d
o bs er v ati o ns [ 5, 6].  W hil e q u a nt u m s yst e ms h a v e b e e n us e d
i n  m e as ur e m e nts of gr a vit ati o n al p h e n o m e n a, f or  m ost s u c h
e x p eri m e nts t h e  m e as ur e d p h e n o m e n a ar e eit h er n ot i n h er-
e ntl y q u a nt u m  m e c h a ni c al ( e. g., at o mi c  m e as ur e m e nts of
t h e gr a vit ati o n al r e ds hift [ 7– 9] ,  w h er e cl o c ks ar e t o ols t o
o bs er v e ti m e dil ati o n) or t h e gr a vit ati o n al p h e n o m e n a ar e
n ot i n h er e ntl y r el ati visti c ( e. g., o bs er v ati o ns of t h e q u a nt u m
b e h a vi or of n e utr o ns i n  E art h ’s gr a vit ati o n al fi el d [ 1 0, 1 1],
u n d erst a n d a bl e  wit h  N e wt o ni a n gr a vit y).

We pr o p os e a n e x p eri m e nt t esti n g p h e n o m e n a t h at
i n v ol v e b ot h  G R a n d  Q M:  m e as ur e m e nt of gr a vit ati o n al

fr a m e dr a g gi n g [ 1 2] a n d g e o d eti c pr e c essi o n [ 1 3],  w hi c h
ar e f u n d a m e nt all y g e n er al-r el ati visti c eff e cts,  wit h i ntri nsi c
s pi n,  w hi c h is a f u n d a m e nt all y q u a nt u m p h e n o m e n o n. It is
cr u ci al t o e m p h asi z e t h at  w h et h er or n ot i ntri nsi c s pi ns
u n d er g o g e n er al r el ati visti c pr e c essi o n is a n e x p eri m e nt all y
o p e n q u esti o n: t o d at e t h er e h as b e e n n o vi a bl e  w a y t o r e a c h
t h e r e q uir e d s e nsiti vit y f or dir e ct o bs er v ati o n of fr a m e
dr a g gi n g or g e o d eti c pr e c essi o n of i ntri nsi c s pi ns.  T h e
si g nifi c a n c e of s u c h a t est is e vi d e nt fr o m t h e f a ct t h at  G R
i n c or p or at es o nl y cl assi c al a n g ul ar  m o m e nt u m arisi n g fr o m
t h e r ot ati o n of fi nit e-si z e,  m assi v e b o di es [ 1 4– 1 6] .  T h e k e y
p oi nt is t h at  G R e x pli citl y d es cri b es eff e cts r el at e d t o
a n g ul ar  m o m e nt u m arisi n g fr o m t h e  m oti o n of  m ass- e n er g y
t hr o u g h s p a c eti m e, b ut d o es n ot e x pli citl y c o nsi d er eff e cts
r el at e d t o s pi n,  w h er e t h e a n g ul ar  m o m e nt u m aris es fr o m a n
i ntri nsi c q u a nt u m pr o p ert y of p oi ntli k e p arti cl es.

H e uristi c all y, it c a n b e ar g u e d b as e d o n  Ei nst ei n ’s
e q ui v al e n c e pri n ci pl e t h at i ntri nsi c s pi n s h o ul d b e h a v e i n
t h e s a m e  w a y as t h e a n g ul ar  m o m e nt u m of a cl assi c al
g yr os c o p e [ 1 7– 1 9] .  T h us a r e as o n a bl e t h e or eti c al a p pr o a c h
is t o us e st a n d ar d q u a nt u m fi el d t h e or y f or t h e l o c all y fl at
s p a c eti m e a n d tr e at fr a m e dr a g gi n g a n d g e o d eti c pr e c essi o n
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as s m all p ert ur b ati o ns t o t h e  L or e nt z  m etri c [ 1 7– 2 2] .
H o w e v er,  w h et h er or n ot t his t h e or eti c al a p pr o a c h is c orr e ct
r e m ai ns t o b e pr o v e n e x p eri m e nt all y [ 2 3]; i n t his s e ns e, t h e
pr o p os e d e x p eri m e nt c a n b e e n visi o n e d as a n e q ui v al e n c e
pri n ci pl e t est i n a n e w r e gi m e.  T h e pr o p os e d e x p eri m e nt is
b as e d o n el e ctr o n s pi ns;  m e a n w hil e, fr a m e- dr a g gi n g als o
c a us es li g ht p ol ari z ati o n t o r ot at e [ 2 4], a  m e as ur e m e nt of
w hi c h  w o ul d pr o b e t h e a n al o g o us eff e ct o n p h ot o n
s pi ns [ 2 5, 2 6].

I n d e e d,  wit h o ut g ui d a n c e fr o m e x p eri m e nt al  m e as ur e-
m e nts, t h er e ar e a n u m b er of o p e n t h e or eti c al p ossi biliti es.
E v e n at a n e arl y st a g e it  w as r e ali z e d t h at e xt e n di n g  G R t o
i n cl u d e eff e cts r el at e d t o i ntri nsi c s pi n ( as, f or e x a m pl e, i n
C art a n ’s t h e or y [ 2 7]) c o ul d c h a n g e t h e  mi cr os c o pi c str u c-
t ur e of  G R i n f u n d a m e nt al  w a ys, s u c h as i ntr o d u ci n g
t orsi o n [ 2 8, 2 9]. I n  Ei nst ei n’s  G R,  m ass- e n er g y g e n er at es
a n d i nt er a cts  wit h c ur v at ur e of s p a c eti m e b ut t h e t orsi o n is
z er o, a n d s o v e ct ors c ur v e al o n g g e o d esi cs vi a p ar all el
tr a ns p ort b ut d o n ot t wist. I n  C art a n’s e xt e nsi o n, i ntri nsi c
s pi n g e n er at es a n d i nt er a cts  wit h n o n z er o t orsi o n, a n d s o
fr a m es tr a ns p ort e d al o n g g e o d esi cs c ur v e d u e t o t h e eff e ct
of  m ass- e n er g y a n d t wist d u e t o t h e eff e ct of i ntri nsi c s pi n
(s e e, f or e x a m pl e, t h e r e vi e w b y  H e hl et al. [ 3 0]).  T h us
w ar pi n g of s p a c eti m e d es cri b e d b y  G R  wit h t orsi o n d o es
n ot aff e ct i ntri nsi c s pi n i n t h e s a m e  w a y as cl assi c al a n g ul ar
m o m e nt u m, l e a di n g t o or d er u nit y diff er e n c es b et w e e n
g e n er al-r el ati visti c pr e c essi o n o bs er v e d  wit h i ntri nsi c
s pi n a n d t h at o bs er v e d  wit h a cl assi c al g yr os c o p e [ 3 1].
F urt h er m or e, s pi n- gr a vit y i nt er a cti o ns d e vi ati n g fr o m t h e
pr e di cti o ns of  G R ar e c o m m o n f e at ur es of t h e ori es att e m pt-
i n g t o g o b e y o n d st a n d ar d p h ysi cs [ 3 2– 3 5] .  T h us t h e r es ults
of a n e x p eri m e nt  m e as uri n g g e n er al-r el ati visti c pr e c essi o n
wit h i ntri nsi c s pi ns  w o ul d h a v e i m p ort a nt c o ns e q u e n c es
r e g ar dl ess of t h e o ut c o m e, disti n g uis hi n g b et w e e n a n u m-
b er of diff er e nt t h e or eti c al p ossi biliti es.

A  m e as ur e m e nt of g e n er al-r el ati visti c pr e c essi o n eff e cts
usi n g i ntri nsi c s pi n c a n b e vi e w e d as a “ g − 1 ” t est f or

gr a vit y, i n a n al o g y t o t h e g − 2 e x p eri m e nts t h at t est
q u a nt u m el e ctr o d y n a mi cs [ 3 6],  w h er e g is t h e el e ctr o n
g yr o m a g n eti c r ati o. I n t h e pr o p os e d e x p eri m e nt, t h e
p ar a m et er g is t h e g yr o gr a vit ati o n al r ati o: t h e r ati o b et w e e n
i ntri nsi c s pi n a n d a n g ul ar  m o m e nt u m c o effi ci e nts i n t h e
t h e or eti c al d es cri pti o n of r el ati visti c pr e c essi o n. If gr a vit y
aff e cts i ntri nsi c s pi n i d e nti c all y t o or bit al a n g ul ar  m o m e n-
t u m, t h e n g ¼ 1 , as e x p e ct e d b as e d o n  Ei nst ei n’s e q ui v-
al e n c e pri n ci pl e a p pli e d t o i ntri nsi c s pi n [ 1 9, 3 7– 4 0] . I n
ot h er a p pr o a c h es g diff ers fr o m u nit y: f or e x a m pl e, g ¼ 2 i n
c ert ai n cl ass es of  Ya n g- Mills gr a vit y t h e ori es [ 4 1, 4 2] a n d
g ¼ 3 i n t h e t orsi o n gr a vit y t h e or y d es cri b e d i n  R ef. [ 3 1].

S u c h a n e x p eri m e nt o nl y r e c e ntl y b e c a m e p o s si bl e,
e v e n i n pri n ci pl e, b a s e d o n a pr o p o s al f or a f err o m a g n eti c
g yr o s c o p e ( F G)  wit h u n pr e c e d e nt e d s e n siti vit y [ 4 3]. A n
i d e al F G i s a fr e el y fl o ati n g f err o m a g n et  w h o s e i ntri n si c
s pi n S h a s f ar gr e at er  m a g nit u d e t h a n a n y r ot ati o n al
a n g ul ar  m o m e nt u m L a s s o ci at e d  wit h pr e c e s si o n of t h e
f err o m a g n et,

S ≈ N ℏ ≫ L ≈ I Ω ; ð1 Þ

w h er e N i s t h e n u m b er of p ol ari z e d s pi n s i n t h e f err o-
m a g n et, ℏ i s Pl a n c k’s c o n st a nt, I i s t h e  m o m e nt of i n erti a
of t h e f err o m a g n et, a n d Ω i s t h e pr e c e s si o n fr e q u e n c y.  T h e
i n e q u alit y ( 1) tr a n sl at e s t o a c ert ai n r a n g e of b a c k gr o u n d
m a g n eti c fi el d s at t h e p o siti o n of t h e F G; t h e u p p er li mit
o n t h e  m a g nit u d e i s d e n ot e d t h e t hr e s h ol d fi el d B a n d i s
d efi n e d i n  Ta bl e I.  U n d er t h e s e c o n diti o n s, i n t h e a b s e n c e
of e xt er n al t or q u e s, a n g ul ar  m o m e nt u m c o n s er v ati o n
k e e p s t h e e x p e ct ati o n v al u e of t h e t ot al a n g ul ar  m o m e n-
t u m hJ i ¼ hS þ L i fi x e d  wit h r e s p e ct t o t h e l o c al s p a c e
c o or di n at es.  T h e s pi n-l atti c e i nt er a cti o n k e e p s S ori e nt e d
al o n g t h e e a s y  m a g n eti c a xi s n̂ a n d r a pi dl y a v er a g e s
c o m p o n e nt s of S tr a n s v er s e t o n̂ .  T hi s r a pi d a v er a gi n g of
tr a n s v er s e s pi n c o m p o n e nt s  wit h o ut i n d u ci n g a r a n d o m
w al k of hJ i si g nifi c a ntl y r e d u c es q u a nt u m n oi s e f or

T A B L E I. Pr o p o s e d c h ar a ct eristi cs of t h e or biti n g f err o m a g n eti c g yr os c o p e ( F G) s yst e m f or a  m e as ur e m e nt of
g e n er al-r el ati visti c s pi n pr e c essi o n.  T h e F G is as s u m e d t o b e a f ull y  m a g n eti z e d c o b alt s p h er e i n v a c u u m  wit h
s u p er c o n d u cti n g s hi el di n g as d es cri b e d i n t h e t e xt.

C h ar a ct eristi c  N ot ati o n  A p pr o xi m at e v al u e

R a di u s r 1 m m
M ass d e n sit y ρ 8 .8 6 g = c m 3

M ass M ≈ 4 π ρ r 3 = 3 4 × 1 0 − 2 g
M o m e nt of i n erti a I ≈ 2 M r 2 = 5 1 .6 × 1 0 − 4 g · c m 2

N u m b er of p ol ari z e d s pi ns N 4 × 1 0 2 0

F err o m a g n eti c r es o n a n c e fr e q u e n c y ω 0 1 0 1 1 s − 1

G yr os c o pi c t hr es h ol d fi el d B ¼ N ℏ 2 = ðg μ B I Þ 3 × 1 0 − 1 0 G
G yr os c o pi c t hr es h ol d fr e q u e n c y Ω ¼ N ℏ =I 3 × 1 0 − 3 s − 1

O p er ati n g  m a g n eti c fi el d B 1 0 − 1 1 G
L ar m or pr e c essi o n fr e q u e n c y Ω B 1 0 − 4 s − 1

Te m p er at ur e T 0. 1  K
B a c k gr o u n d g as d e nsit y n 1 0 3 c m − 3
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m e a s ur e m e nt ti m e s l o n g er t h a n t h e c h ar a ct eri sti c ti m e-
s c al e of t h e s pi n-l atti c e i nt er a cti o n,  w hi c h i s ≲ 1 0 − 9 s i n
m o st c a s e s.  T hi s e n a bl e s e x q ui sit el y pr e ci s e  m e a s ur e-
m e nt s of s pi n pr e c e s si o n, a s di s c u s s e d i n d et ail i n
R ef s. [ 4 3, 4 4].  A n u m b er of gr o u p s ar e a cti v el y  w or ki n g
o n d e v el o pi n g t h e r e q ui sit e e x p eri m e nt al t o ol s t o c o n str u ct
a n F G [ 4 5– 4 9] , o p e ni n g t h e p o s si bilit y of o b s er vi n g
r el ati vi sti c fr a m e dr a g gi n g of S a s  w e d e s cri b e b el o w.

S p e cifi c all y,  w e i n v esti g at e  m e as ur e m e nt of b ot h t h e
L e ns e- T hirri n g eff e ct [ 1 2, 5 0] (fr a m e dr a g gi n g) a n d t h e d e
Sitt er ( g e o d eti c pr e c essi o n) eff e ct [ 1 3, 5 1, 5 2].  B ot h eff e cts
c a us e pr e c essi o n of a g yr os c o p e or biti n g a  m assi v e b o d y
s u c h as t h e  E art h:  L e ns e- T hirri n g pr e c essi o n is c a us e d b y
s p a c eti m e b ei n g dr a g g e d b y t h e r ot ati o n of a  m assi v e
b o d y  w h er e as d e Sitt er pr e c essi o n is c a us e d b y t h e  m oti o n
of a g yr os c o p e t hr o u g h s p a c eti m e c ur v e d b y a  m ass
( pr es e nt als o f or a n o nr ot ati n g  m assi v e b o d y).  T h e
L e ns e- T hirri n g pr e c essi o n is c h ar a ct eri z e d b y t h e a n g ul ar
v el o cit y v e ct or [ 5 0],

Ω L T ≈ g
2

5

G M

c 2 R
½3 ðΩ E · ˆR Þ R̂ − Ω E ; ð 2 Þ

w h er e g is t h e g yr o gr a vit ati o n al r ati o, G is  N e wt o n’s

gr a vit ati o n al c o nst a nt, M is t h e  m ass of t h e  E art h, R ¼

R R̂ is t h e p ositi o n of t h e s at ellit e r el ati v e t o t h e c e nt er of t h e
E art h, c is s p e e d of li g ht, a n d Ω E is  E art h’s a n g ul ar v el o cit y
(Ω E ≈ 2 π × 1 1 .6 μ H z). F or a s at ellit e i nst a nt a n e o usl y
a b o v e t h e  N ort h p ol e at R ≈ R E ≈ 6 .5 × 1 0 6 m ( w h er e
R E is  E art h’s r a di us), Ω L T ≈ 4 × 1 0 − 1 4 s − 1 f or g ¼ 1 .
T h e d e Sitt er pr e c essi o n i n a n e ar- E art h or bit is [ 5 0, 5 3]

Ω d S ≈ g
3

2

G M

c 2 R 2
ð ˆR × v Þ; ð3 Þ

w h er e v is t h e s at ellit e v el o cit y. F or t h e s a m e s at ellit e at
R ≈ R E o n e o bt ai ns Ω d S ≈ 1 0 − 1 2 s − 1 f or g ¼ 1 .  N ot e t h at
d e p e n di n g o n t h e p arti c ul ar n at ur e of t h e n o nst a n d ar d
t h e or y of gr a vit y, it  m a y b e t h e c as e t h at g c o ul d t a k e
o n diff er e nt v al u es f or t h e  L e ns e- T hirri n g a n d d e Sitt er
eff e cts [ 2 8, 2 9].

L e ns e- T hirri n g a n d d e Sitt er pr e c essi o n of cl assi c al
a n g ul ar  m o m e nt u m h a v e b e e n  m e as ur e d b y s at ellit e e x p eri-
m e nts, a n d o bs er v e d i n astr o p h ysi c al s etti n gs [ 5 4, 5 5].
Gr a vit y Pr o b e  B ( G P- B), a s at ellit e c o nt ai ni n g f o ur hi g hl y
s p h eri c al ni o bi u m- c o at e d f us e d q u art z g yr os c o p es i n a
cr y o g e ni c e n vir o n m e nt,  m e as ur e d t h e d e Sitt er pr e c essi o n
of t h e r ot ati o n al a n g ul ar  m o m e nt u m of t h e g yr os c o p es t o a
0. 3 % pr e cisi o n a n d t h e  L e ns e- T hirri n g pr e c essi o n of t h e
g yr os c o p es t o 2 0 % [ 5 6, 5 7].  A diff er e nt a p pr o a c h  w as t o us e
t h e s at ellit e l as er-r a n gi n g n et w or k [ 5 8] t o pr e cis el y tr a c k
t h e pr e c essi o n of t h e a n g ul ar  m o m e nt u m ass o ci at e d  wit h
t h e or bit al  m oti o n of s at ellit es, r at h er t h a n g yr os c o p es
[ 5 9– 6 2] .  Eff orts ar e o n g oi n g t o o bs er v e t h es e eff e cts b y
i nt erf er o m etr y  m et h o ds [ 6 3, 6 4].

O ur pr o p os e d e x p eri m e nt is  m o d el e d o n  G P- B,  w h er e
t h e r ot ati n g ni o bi u m- c o at e d f us e d q u art z s p h er es ar e
r e pl a c e d b y F Gs.  T o e v al u at e t h e s e nsiti vit y,  w e ass u m e
t h at t h e F G is h o us e d  wit hi n a s at ellit e si mil ar t o t h at us e d
i n t h e  G P- B e x p eri m e nt [ 5 6] a n d r ef er e n c e d vi a a t el es c o p e
t o a r e m ot e st ar. F or o ur s e nsiti vit y esti m at es,  w e ass u m e a n
F G  wit h c h ar a ct eristi cs as list e d i n  Ta bl e I: a s p h eri c al
c o b alt f err o m a g n et of r a di us r ≈ 1 m m  wit h r e m a n e nt
m a g n eti z ati o n al o n g n̂ .  T h e dir e cti o n of t h e  m a g n eti c
m o m e nt of t h e F G c a n b e  m e as ur e d usi n g a s u p er c o n d u ct-
i n g q u a nt u m i nt erf er e n c e d e vi c e ( S Q UI D) t o d et e ct t h e
m a g n eti c fl u x t hr o u g h a pi c k- u p l o o p.  A pi c k- u p l o o p
pl a c e d at a dist a n c e d ≈ 1 m m a w a y fr o m t h e ti p of t h e
f err o m a g n et  wit h l o o p r a di us d si n θ m ≈ 0 .8 m m,  w h er e
θ m ≈ 5 4 .7 4 ° is t h e  m a gi c a n gl e,  m a xi mi z es t h e fl u x c a pt ur e
a n d  w o ul d  m e as ur e a c h a n gi n g  m a g n eti c fl u x of a m plit u d e
Φ ≈ 1 0 0 G · c m 2 as t h e F G pr e c ess es.  T h e s e nsiti vit y of a

l o w-t e m p er at ur e S Q UI D t o fl u x c h a n g e is δ Φ ≲ 1 0 − 1 3 G ·

c m 2 =
ffiffiffiffiffiffi
H z

p
[ 6 5– 6 8] ,  w hi c h gi v es a d et e ct or-li mit e d a n g ul ar

r es ol uti o n f or t h e F G of δ θ d et ≈ δ Φ = Φ ≲ 1 0 − 1 5 r a d=
ffiffiffiffiffiffi
H z

p
.

T his tr a nsl at es t o a d et e cti o n-li mit e d s pi n- pr e c essi o n r es-
ol uti o n:

Δ Ω d et ≈ 1 0 − 1 5 ð t½s Þ − 3 = 2 s − 1 ; ð 4 Þ

w h er e t is t h e ti m e of  m e as ur e m e nt.  Esti m at es s h o w t h at t h e
f u n d a m e nt al q u a nt u m n ois e li mit f or a n F G is f ar b el o w
Δ Ω d et [ 4 3].

We esti m at e t h at t h e d o mi n a nt s o ur c e of st atisti c al
u n c ert ai nt y i n a s at ellit e e x p eri m e nt usi n g a n F G t o  m e as ur e
G R eff e cts is n ot fr o m t h e d et e ct or n ois e of t h e S Q UI D b ut
r at h er fr o m b a c k gr o u n d g as c ollisi o ns t h at i m p art a n g ul ar
m o m e nt u m t o t h e F G, c a usi n g r a n d o m  w al k of its s pi n hS i.
B as e d o n a n al ysis of  R ef. [ 4 3], a n d a c c o u nti n g f or t h e
s p h eri c al g e o m etr y of t h e F G,  w e fi n d t h at t h e s pi n-
pr e c essi o n r es ol uti o n is li mit e d t o

Δ Ω g as ≈
m r 2

6 N ℏ

ffiffiffiffiffiffiffiffiffiffi
n v t h

3

π t

r

; ð5 Þ

w h er e m is t h e  m ass of t h e b a c k gr o u n d g as ( ass u m e d t o
b e  H e i n o ur c as e si n c e t h e s yst e m is u n d er cr y o g e ni c
c o n diti o ns), v t h is t h e a v er a g e t h er m al v el o cit y of t h e
b a c k gr o u n d g as, a n d ot h er r el e v a nt p ar a m et ers ar e list e d
i n  Ta bl e I, ass u mi n g a b a c k gr o u n d- g as d e nsit y c orr es p o n d-
i n g t o cr y o g e ni c ultr a hi g h v a c u u m [ 3 6].  T h e eff e cts of
ot h er s o ur c es of n ois e ar e esti m at e d t o b e n e gli gi bl e c o m-
p ar e d t o t h e eff e cts of b a c k gr o u n d g as (s e e  R ef. [ 4 3] a n d
A p p e n di x A ). I n d e e d, r e c e nt e x p eri m e nts st u d yi n g  mi cr o n-
s c al e f err o m a g n ets l e vit at e d a b o v e s u p er c o n d u ct ors h a v e
f o u n d t h at g as c ollisi o ns ar e t h e d o mi n a nt dissi p ati o n
m e c h a nis m [ 4 9].

Usi n g a f err o m a g n et as a g yr os c o p e r e q uir es e x q uisit e
s hi el di n g a n d c o ntr ol of  m a g n eti c fi el ds i n or d er t o a v oi d
s yst e m ati c err ors d u e t o  m a g n eti c t or q u es.  We pr o p os e t o
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us e a  m ultil a y er s u p er c o n d u cti n g P b s hi el di n g s yst e m
b as e d o n t h e  G P- B d esi g n as d es cri b e d i n  R efs. [ 6 9, 7 0]
c o m bi n e d  wit h a c o n v e nti o n al  m ulti-l a y er μ - m et al s hi el d-
i n g a n d  m a g n eti c-fi el d- c o ntr ol c oil s yst e m as d es cri b e d, f or
e x a m pl e, i n  R ef. [ 7 1].  T o a c hi e v e ultr al o w  m a g n eti c fi el ds,
t h e μ - m et al/ c oil s yst e m,  wit h f e e d b a c k pr o vi d e d b y i nt er n al
S Q UI D  m a g n et o m et ers, is us e d t o a c hi e v e a n a m bi e nt
m a g n eti c fi el d l ess t h a n 1 0 − 1 1 G, cl os e t o t h e n ois e li mit of
S Q UI D  m a g n et o m et ers f or i nt e gr ati o n ti m es of o n e s e c o n d.
N est e d c oll a ps e d P b f oil s hi el ds ar e i ns ert e d  wit hi n t h e
μ - m et al/ c oil s yst e m a n d s u bs e q u e ntl y c o ol e d b el o w t h e
s u p er c o n d u cti n g p h as e tr a nsiti o n.  T h e c oll a ps e d P b f oil
s hi el ds ar e f ol d e d i n s u c h a  m a n n er as t o  mi ni mi z e t h eir
i nt er n al v ol u m e.  O n c e t h e t e m p er at ur e of t h e P b is b el o w t h e
s u p er c o n d u cti n g p h as e tr a nsiti o n, t h e s hi el ds ar e e x p a n d e d
b y u nf ol di n g t h e m s o t h at t h e y h a v e a c o nsi d er a bl y l ar g er
i nt er n al v ol u m e. P ersist e nt c urr e nts i n t h e s u p er c o n d u cti n g
s hi el ds k e e p t h e fl u x c o nst a nt a n d t h us t h e fi el d  wit hi n t h e
e x p a n d e d P b s hi el ds is r e d u c e d b y t h e r ati o b et w e e n t h e
eff e cti v e ar e as of t h e e x p a n d e d a n d c oll a ps e d P b f oil s hi el d.
I n pr a cti c e, t h e r esi d u al fi el d c a n b e r e d u c e d b y a f a ct or of
m or e t h a n a h u n dr e d p er l a y er,  wit h pr a cti c al li mit ati o ns d u e
t o t h er m o el e ctri c c urr e nts g e n er at e d i n t h e P b s hi el d. F or
s u c h a s u p er c o n d u cti n g s hi el d s yst e m, t h e  m a g n eti c fi el d
wit hi n t h e s hi el d  will b e d et er mi n e d b y t h e fr o z e n fl u x.  T h es e
t e c h ni q u es c a n b e us e d t o a c hi e v e a  m a g n eti c fi el d at t h e
p ositi o n of t h e F G, i. e., a b a c k gr o u n d  m a g n eti c fi el d B , m u c h
s m all er t h a n t h e r e q uir e d t hr es h ol d fi el d f or o p er ati o n
(B ≈ 3 × 1 0 − 1 0 G, s e e  Ta bl e I a n d  R ef. [ 4 3]).

T h e pr o p os e d si z e a n d g e o m etr y f or t h e F G ( a  m m-
di a m et er s p h er e) is  m oti v at e d b y t h e n e e d t o  mi ni mi z e
p ert ur b ati o ns fr o m b a c k gr o u n d g as c ollisi o ns ( Δ Ω g as ∝
1 = N a n d  mi ni mi z e d f or a s p h eri c al s h a p e), a c hi e v e t h e b est
p ossi bl e d et e ct or-li mit e d s e nsiti vit y ( Δ Ω d et ∝ 1 = N [ 4 3]),
a n d  m ai nt ai n a r e as o n a bl e r e q uir e m e nt f or t h e t hr es h ol d
fi el d B .

U n d o u bt e dl y, s o m e r esi d u al  m a g n eti c fi el d B wit hi n t h e
s hi el ds  will p ersist, a n d s o t h e q u esti o ns n o w b e c o m e
w h et h er t h e F G pr e c essi o n fr e q u e n c y Ω B d u e t o t his fi el d is
s uffi ci e ntl y st a bl e a n d  w h et h er Ω B c a n b e r eli a bl y disti n-
g uis h e d fr o m t h e s o u g ht- aft er eff e cts, Ω L T a n d Ω d S .
S u p er c o n d u ct ors c a n a c hi e v e r e m ar k a bl e st a bilit y: drifts
at t h e l e v el of a p art i n 1 0 1 1 p er h o ur h a v e b e e n  m e as ur e d
[ 7 2].  Ass u mi n g t h e r esi d u al tr a p p e d fi el d i n  w hi c h t h e F G
o p er at es is B ∼ 1 0 − 1 1 G, t his l e a ds t o a  m a g n eti c fi el d drift
of ≈ 3 × 1 0 − 2 6 G = s,  w hi c h c orr es p o n ds t o a drift of t h e
m a g n eti c pr e c essi o n fr e q u e n c y of d Ω B = dt ≈ 2 × 1 0 − 1 9 s − 2 .
F or t h e p ur p os es of t h es e esti m at es,  w e ass u m e t h e  w orst-
c as e s c e n ari o of a li n e ar  m a g n eti c fi el d drift at t his r at e
( alt h o u g h o n l o n g ti m e s c al es t h e drift  will li k el y b e a
r a n d o m  w al k of B a n d Ω B ).

T h e st a bilit y of Ω B is cr u ci al f or disti n g uis hi n g  m a g n eti c
pr e c essi o n fr o m t h e  L e ns e- T hirri n g a n d d e Sitt er eff e cts.
F or a r esi d u al fi el d  wit h B ∼ 1 0 − 1 1 G, Ω B ≈ 1 0 − 4 s − 1 ,
w hi c h is  m u c h l ar g er t h a n t h e  L e ns e- T hirri n g a n d d e

Sitt er eff e cts [ E qs. ( 2) a n d ( 3)], a n d t h us it is i m p ort a nt
t o fi n d a  w a y t o disti n g uis h Ω B fr o m Ω L T a n d Ω d S . I n t h e
c as e of t h e  L e ns e- T hirri n g eff e ct, Ω L T p eri o di c all y v ari es i n

ti m e i n a pr e di ct a bl e  w a y b e c a us e R̂ c h a n g es i n ti m e  wit h
r es p e ct t o Ω E as t h e F G or bits t h e  E art h. If t h e F G is pl a c e d
i n a n elli pti c al or bit, b ot h Ω L T a n d Ω d S c o ul d b e  m o d ul at e d
b y or d er u nit y as R c h a n g es.  T h us it  w o ul d b e c o m e
p ossi bl e t o s e ar c h f or t h e pr e di ct a bl e p eri o di c v ari ati o n
of Ω L T a n d Ω d S o n t o p of t h e st a bl e b a c k gr o u n d  m a g n eti c-
fi el d pr e c essi o n.  A n e x a m pl e of h o w t his c a n b e d o n e is
m o d ell e d i n  A p p e n di x C .

F urt h er dis cri mi n ati o n of Ω L T a n d Ω d S fr o m Ω B c a n b e
o bt ai n e d b y usi n g a n arr a y of F Gs a n d t a ki n g a d v a nt a g e
of t h e v e ct ori al n at ur e of t h e g e n er al-r el ati visti c s pi n-
pr e c essi o n.  C o nsi d er, f or e x a m pl e, t h e  L e ns e- T hirri n g
eff e ct (si mil ar ar g u m e nts c a n b e  m a d e f or t h e d e Sitt er
eff e ct). If Ω B is p ar all el  wit h Ω L T , t h e eff e cts a d d li n e arl y t o
t h e  m e as ur e d s pi n- pr e c essi o n fr e q u e n c y: Ω ≈ Ω B þ Ω L T .
H o w e v er, if Ω B is p er p e n di c ul ar t o Ω L T , t h e c o ntri b uti o n
of t h e  L e ns e- T hirri n g eff e ct is q u a dr ati c all y s u p pr ess e d:
Ω ≈ Ω B þ Ω L T

2 = ð2 Ω B Þ.  A n arr a y of F Gs i n s e p ar at e
s hi el ds c a n b e e m pl o y e d  wit h  m a g n eti c fi el ds ori e nt e d i n
diff er e nt dir e cti o ns, s u c h t h at t h e v ari o us F Gs h a v e diff er e nt
pr e di ct a bl e p eri o di c p att er ns of s e nsiti vit y t o g e n er al-
r el ati visti c s pi n- pr e c essi o n eff e cts.  T his  will e n a bl e c o h er-
e nt a v er a gi n g a n d s u p pr ess s yst e m ati c err ors d u e t o fi el d
drift a n d l o c al p ert ur b ati o ns.

A d diti o n all y, it  m a y b e p ossi bl e t o r ot at e or  m o d ul at e B
at a fr e q u e n c y  m u c h f ast er t h a n t h e or bit al fr e q u e n c y i n
or d er t o f urt h er dis cri mi n at e Ω L T a n d Ω d S fr o m Ω B .  T his
m a y b e a c hi e v e d b y r ot ati n g t h e  m a g n eti c s hi el di n g r el ati v e
t o t h e F G si n c e t h e r esi d u al  m a g n eti c fi el d  will b e
d o mi n at e d b y fr o z e n fl u x r at h er t h a n t h e fi nit e s hi el di n g
f a ct or. F urt h er  m e c h a nis ms t o i m pr o v e si g n al d et e cti o n ar e
p ossi bl e: if t w o t y p es of f err o m a g n eti c  m at eri als ar e us e d,
s u c h t h at t h e  m at eri als ’ g yr o m a g n eti c r ati os ar e o p p osit e,
t h eir  m a g n eti c pr e c essi o n is i n o p p osit e dir e cti o ns b ut t h e
r el ati visti c pr e c essi o n ar e i n t h e s a m e dir e cti o n. F or c o ntr ol
of s yst e m ati c err ors, it  m a y als o b e i nt er esti n g t o c o nsi d er
e x p eri m e nts  wit h  m at eri als h a vi n g hi g h n et s pi n p ol ari z a-
ti o n b ut n e gli gi bl e  m a g n eti z ati o n, hi g h  m a g n eti z ati o n b ut
n e gli gi bl e s pi n p ol ari z ati o n, a n d v ar yi n g r ati os of q u a nt u m
or bit al a n g ul ar  m o m e nt u m t o i ntri nsi c s pi n, s u c h as us e d i n
t orsi o n p e n d ul u m e x p eri m e nts  m e as uri n g e x oti c s pi n- d e-
p e n d e nt i nt er a cti o ns [ 7 3– 7 5] .

R el ati v e  m oti o n b et w e e n t h e S Q UI D pi c k- u p l o o p a n d
t h e fr e el y fl o ati n g F G is a n ot h er s o ur c e of n ois e a n d
s yst e m ati c err or t h at  will r e q uir e pr e cis e c o ntr ol.  Err ors
d u e t o t his r el ati v e  m oti o n  will ulti m at el y b e li mit e d b y
t h e s at ellit e p ositi o n/ ori e nt ati o n f e e d b a c k c o ntr ol s yst e m
r ef er e n c e d t o t h e st ar-tr a c ki n g t el es c o p e.  We ass u m e a st ar-
tr a c ki n g t el es c o p e a n d p ositi o n/ ori e nt ati o n f e e d b a c k c o n-
tr ol si mil ar t o t h at us e d b y  G P- B,  w hi c h h a d a l o n g-t er m
a c c ur a c y c orr es p o n di n g t o 5 × 1 0 − 1 0 r a d [ 7 6– 7 8] ,  w hi c h
w o ul d pr o vi d e s uffi ci e nt st a bilit y f or  m e as ur e m e nt of t h e
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g ¼ 1 d e Sitt er a n d  L e ns e- T hirri n g eff e cts.  R el at e d t e c h-
ni c al iss u es ar e t h e tr a p pi n g a n d r el e as e of t h e F G o n c e t h e
s at ellit e is i n or bit, d a m pi n g of r ot ati o n al  m oti o n of t h e F G
s u c h t h at L ≪ S , vi br ati o ns of t h e pi c k- u p c oil, a n d t h e
eff e ct of el e ctr ost ati c a n d  m a g n eti c f or c es o n t h e F G t h at
mi g ht a c c el er at e t h e F G r el ati v e t o t h e s at ellit e h o usi n g.
Pr ot o c ols f or  m e as ur e m e nt a n d c o ntr ol of t h e F G a n d pi c k-
u p c oil  m oti o n  will n e e d t o b e d esi g n e d a n d c o ul d, f or
e x a m pl e, i n v ol v e d a m pi n g of F G  m oti o n usi n g e d d y
c urr e nts [ 4 5] i n d u c e d i n a r etr a ct a bl e c o n d u ct or or v ari o us
tr a p pi n g a n d c o oli n g t e c h ni q u es t h at h a v e b e e n d e v el o p e d
t o c o ntr ol t h e  m oti o n of  m a cr os c o pi c o bj e cts [ 7 9, 8 0].  T h e
eff e cts of str a y el e ctri c fi el ds a n d p at c h p ot e nti als, i m p or-
t a nt iss u es f or  G P- B [ 5 6], ar e c o nsi d er e d i n  A p p e n di x A 2 .
O v er all,  w e e x p e ct t h at t h e ulti m at e a c c ur a c y of a n F G-
b as e d  m e as ur e m e nt of g e n er al r el ati visti c s pi n pr e c essi o n
will b e d et er mi n e d b y t h e S Q UI D s e nsiti vit y, c ollisi o ns
of r esi d u al g as  m ol e c ul es  wit h t h e F G, a n d  m a g n eti c
fi el d drift.

Fi g ur e 1 s h o ws t h e s c ali n g of u n c ert ai nt y i n t h e  m e as-
ur e m e nt of t h e s pi n pr e c essi o n fr e q u e n c y Ω as a f u n cti o n of
ti m e c o nsi d eri n g t h e af or e m e nti o n e d eff e cts. I n pri n ci pl e,
t h e pr oj e ct e d  m e as ur e m e nt s e nsiti vit y of s u c h a “ Gr a vit y
Pr o b e S pi n ” e x p eri m e nt is s uffi ci e nt t o  m e as ur e t h e d e

Sitt er a n d  L e ns e- T hirri n g eff e cts f or g ¼ 1 .  C o ns e q u e ntl y,
stri n g e nt b o u n ds  will r es ult o n p ar a m etri z e d p ost-
N e wt o ni a n ( P P N) p h ysi cs, s c al ar-t e ns or t h e ori es, a n d ot h er
st a n d ar d- m o d el e xt e nsi o ns [ 3 7].  B y c o m p ari n g t h e s e nsi-
ti vit y of  Gr a vit y Pr o b e S pi n t o e xisti n g e x p eri m e nt al
b o u n ds o n a n o m al o us gr a vit y-i n d u c e d s pi n- pr e c essi o n
[ 8 1– 8 3] as s h o w n i n Fi g. 1 , t h e pr o p os e d e x p eri m e nt
h as t h e p ot e nti al t o e x pl or e  m a n y d e c a d es of u n c o nstr ai n e d
p ar a m et er s p a c e.

I n c o n cl usi o n,  w e h a v e d es cri b e d a s at ellit e e x p eri m e nt
usi n g  m m-s c al e f err o m a g n eti c g yr os c o p es t h at h as t h e
p ot e nti al t o p erf or m t h e first  m e as ur e m e nt of gr a vit ati o n al
fr a m e- dr a g gi n g of el e ctr o ns’ i ntri nsi c s pi ns.  T his e x p eri-
m e nt, b uil di n g o n t h e t e c h n ol o g y of  Gr a vit y Pr o b e  B,
w o ul d b e a u ni q u e t est at t h e i nt ers e cti o n of q u a nt u m
m e c h a ni cs a n d g e n er al r el ati vit y.

T his r es e ar c h  w as s u p p ort e d b y t h e  H eisi n g- Si m o ns a n d
Si m o ns F o u n d ati o ns, t h e  U. S.  N ati o n al S ci e n c e F o u n d ati o n
u n d er  Gr a nt  N o. P H Y- 1 7 0 7 8 7 5, t h e  D F G t hr o u g h t h e  DI P
pr o gr a m ( N o. F O 7 0 3/ 2- 1), a n d b y a F u n d a m e nt al P h ysi cs
I n n o v ati o n  A w ar d fr o m t h e  G or d o n a n d  B ett y  M o or e
F o u n d ati o n.  T h e  w or k of  D.  B. s u p p ort e d i n p art b y t h e
D F G Pr oj e ct I D  N o. 3 9 0 8 3 1 4 6 9:  E X C 2 1 1 8 ( P RI S M A +
Cl ust er of  E x c ell e n c e), t h e  E ur o p e a n  R es e ar c h  C o u n cil
( E R C) u n d er t h e  E ur o p e a n  U ni o n  H ori z o n 2 0 2 0  R es e ar c h
a n d I n n o v ati o n Pr o gr a m ( gr a nt a gr e e m e nt  N o. 6 9 5 4 0 5),
a n d t h e  D F G  R ei n h art  K os ell e c k Pr oj e ct.  T h e  w or k of  A. S.
s u p p ort e d i n p art b y t h e  U S  N ati o n al S ci e n c e F o u n d ati o n
Gr a nt  N o. 1 8 0 6 5 5 7,  U S  D e p art m e nt of  E n er g y  Gr a nt
N o.  D E- S C 0 0 1 9 4 5 0, t h e  H eisi n g- Si m o ns F o u n d ati o n
Gr a nt  N o. 2 0 1 5- 0 3 9, t h e Si m o ns F o u n d ati o n  Gr a nt
N o. 6 4 1 3 3 2, a n d t h e  Alfr e d P. Sl o a n F o u n d ati o n  Gr a nt
N o. F G- 2 0 1 6- 6 7 2 8.

A P P E N DI X  A:  E X P E RI M E N T A L
R E Q UI R E M E N T S

1.  M a g n eti c t o r q u e n ois e

A n a d diti o n al s o ur c e of err or aff e cti n g a n F G, n ot
c o nsi d er e d i n  R ef. [ 4 3],  w as p oi nt e d o ut i n  R ef. [ 4 4]
(s e e als o  A p p e n di x B ).  As n ot e d i n  R ef. [ 4 3], t h e s pi n-
l atti c e c o u pli n g g e n er at es st o c h asti c fl u ct u ati o ns of t h e
F G ’s  m a g n eti c  m o m e nt μ d es cri b e d b y t h e fl u ct u ati o n-
dissi p ati o n t h e or e m. I n t h e pr es e n c e of a n o n z er o  m a g n eti c
fi el d B , t his l e a ds t o a st o c h asti c μ × B t or q u e a cti n g o n t h e
F G,  w hi c h i n t ur n c a us es a r a n d o m  w al k of t h e F G ’s s pi n
a xis hJ i.  T his c o u pli n g of t h e F G t o t h e e xt er n al e n vir o n-
m e nt t hr o u g h B g e n er at es n ois e i n a  m e as ur e m e nt of t h e
pr e c essi o n fr e q u e n c y:

Δ Ω B ≈
Ω 2

B

ω 0 Ω

ffiffiffiffiffiffiffiffiffiffiffiffiffi
4 α k B T

ℏ Nt

r

; ðA 1 Þ

w h er e k B is  B olt z m a n n’s c o nst a nt a n d α is t h e  Gil b ert
d a m pi n g c o nst a nt, t a k e n as 0. 0 1.  U n d er t h e c o n diti o ns of
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E x p e ri m e nt al c o nst r ai nts

d e Sitt e r

L e ns e T hi r ri n g

FI G. 1. S e nsiti vit y t o g e n er al r el ati visti c s pi n- pr e c essi o n eff e cts
i n t h e pr o p os e d “ Gr a vit y Pr o b e S pi n ” e x p eri m e nt.  T h e v erti c al
s c al e o n t h e ri g ht is i n u nits of  milli ar cs e c o n ds ( m as) p er y e ar.
T h e bl a c k c ur v e s h o ws t h e pr oj e ct e d u n c ert ai nt y Δ Ω i n t h e
m e as ur e m e nt of t h e pr e c essi o n fr e q u e n c y Ω usi n g a 1- m m r a di us
s p h eri c al F G u n d er c o n diti o ns list e d i n  Ta bl e I.  T his c ur v e r es ults
fr o m t w o c o ntri b uti o ns s u m m e d i n q u a dr at ur e. First, t h e s h ort-
t er m st atisti c al u n c ert ai nt y is d o mi n at e d b y b a c k gr o u n d g as
c ollisi o ns [ E q. ( 5), d as h e d gr a y li n e]. S e c o n d, t h e l o n g-t er m
u n c ert ai nt y i n t h e  m e as ur e m e nt is e x p e ct e d t o b e d o mi n at e d b y
m a g n eti c fi el d drift  wit hi n t h e s u p er c o n d u cti n g  m a g n eti c s hi el ds,
h er e ass u m e d t o b e li n e ar  wit h r at e 3 × 1 0 − 2 6 G = s ( d ott e d gr a y
li n e).  T h e bl u e li n e a n d li g ht bl u e s h a d e d ar e a i n di c at e t h e l e v el
b e y o n d  w hi c h t h e  m e a s ur e m e nts ar e s e nsiti v e t o t h e d e Sitt er
eff e ct [ 1 3, 5 1, 5 2] a n d t h e r e d li n e a n d pi n k s h a d e d ar e a i n di c at e
t h e l e v el b e y o n d  w hi c h t h e  m e as ur e m e nts ar e s e nsiti v e t o t h e
L e ns e- T hirri n g eff e ct [ 1 2, 5 0], c al c ul at e d f or t h e  G P- B or bit a n d
g yr o gr a vit ati o n al r ati o g ¼ 1 [ E qs. ( 2) a n d ( 3)].  T h e gr e e n li n e
a n d li g ht gr e e n s h a d e d ar e a s h o w e xisti n g e x p eri m e nt al c o n-
str ai nts o n a n o m al o us gr a vit y-i n d u c e d s pi n- pr e c essi o n [ 8 1– 8 3] .
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o ur pr o p os e d e x p eri m e nt, Δ Ω B is si g nifi c a ntl y s m all er t h a n
ot h er s o ur c es of err or.

2.  El e ct ri c fi el d r e q ui r e m e nts

A pr e c essi n g F G l o c at e d i n a s p ati al r e gi o n  wit h n o n-
v a nis hi n g el e ctri c fi el d  m a y e x p eri e n c e a n el e ctri c-
fi el d-i n d u c e d t or q u e. I n t his s e cti o n  w e esti m at e t h e
r e q uir e m e nts o n t h e el e ctri c fi el d a n d its gr a di e nt, i n or d er
t o k e e p t h e F G pr e c essi o n r at e d u e t o t his t or q u e b el o w t h e
e x p e ct e d si g n al l e v el.

A c o n d u cti n g s p h er e i n a u nif or m el e ctri c fi el d e x p eri-
e n c es n o t or q u e, si n c e t h e i n d u c e d el e ctri c di p ol e  m o m e nt
is p ar all el t o t h e el e ctri c fi el d.  H o w e v er a sli g ht d e vi ati o n
fr o m a s p h eri c al s h a p e br e a ks t h e s y m m etr y of t h e p ol a-
ri z a bilit y t e ns or, a n d, i n g e n er al, c a us es t h e i n d u c e d di p ol e
m o m e nt t o b e at a n a n gl e t o t h e el e ctri c fi el d.  Ass u mi n g
t h e F G is s h a p e d as a pr ol at e s p h er oi d ( wit h s e mi- a x es
a , b , a n d c ,  w h er e a > b ¼ c )  wit h s m all e c c e ntri cit y

ε ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − b 2 = a 2

p
, t h e c orr e cti o n t o t h e d e p ol ari z ati o n

f a ct ors is of or d er ε 2 [ 8 4].  T h e t or q u e o n s u c h a sli g htl y
n o ns p h eri c al F G of r a di us r i n a u nif or m el e ctri c fi el d E

c a n b e esti m at e d (i n c gs u nits) as τ
ð1 Þ
e ≈ ε 2 r 3 E 2 = 5 .  T h e

r es ulti n g pr e c essi o n r at e is gi v e n b y Ω
ð1 Þ
e ¼ τ

ð1 Þ
e = ðN ℏ Þ.  T h e

r e q uir e m e nt t o k e e p t his r at e b el o w Ω L T wit h g ¼ 1 ,

Ω
ð1 Þ
e ≲ 4 × 1 0 − 1 4 s − 1 , i m p os es t h e f oll o wi n g c o n diti o n

o n t h e pr o d u ct b et w e e n t h e e c c e ntri cit y a n d t h e  m a g nit u d e
of t h e el e ctri c fi el d:

jε E j ≲ 3 × 1 0 − 6 V = c m : ðA 2 Þ

It s h o ul d b e n ot e d t h at, i n pr a cti c e, t h e r e q uir e m e nt o n jε E j
m a y b e si g nifi c a ntl y r e d u c e d si n c e or bit al  m o d ul ati o n c a n
b e us e d t o disti n g uis h g e n er al r el ati visti c pr e c essi o n eff e cts
fr o m n o mi n all y c o nst a nt b a c k gr o u n d t or q u es, as dis c uss e d
i n S e c. C .

A n el e ctri c fi el d gr a di e nt E 0 will e x ert a f or c e o n t h e F G,
w hi c h  m ust b al a n c e  wit h all t h e ot h er f or c es i n t h e F G at its
e q uili bri u m p oi nt. Si n c e t h er e ar e c ert ai nl y ot h er f or c es,
t h er e  m a y b e a n o n v a nis hi n g el e ctri c fi el d gr a di e nt,  w hi c h
e x erts a t or q u e o n t h e F G e v e n if it is a p erf e ct s p h er e.  T h e

m a g nit u d e of t his t or q u e c a n b e esti m at e d as τ
ð2 Þ
e ≈ r 4 E E 0.

T h e r es ulti n g pr e c essi o n r at e is gi v e n b y Ω
ð2 Þ
e ¼ τ

ð2 Þ
e = ðN ℏ Þ.

T h e r e q uir e m e nt t o k e e p t his r at e b el o w Ω L T wit h g ¼ 1 ,

Ω
ð2 Þ
e ≲ 4 × 1 0 − 1 4 s − 1 , i m p os es t h e f oll o wi n g c o n diti o n o n

t h e pr o d u ct b et w e e n t h e el e ctri c fi el d a n d t h e gr a di e nt:

jE E 0j < 1 0 − 1 1 V 2 = c m 3 : ðA 3 Þ

A pr o c e d ur e t o r e d u c e s yst e m ati c err or d u e t o τ
ð2 Þ
e , oft e n

e m pl o y e d i n pr e cisi o n  m e as ur e m e nt pr ot o c ols, is t o a p pl y a

l ar g e el e ctri c fi el d E a n d us e a  m e as ur e m e nt of Ω
ð2 Þ
e t o

mi ni mi z e E 0, t h e n a p pl y a l ar g e el e ctri c fi el d gr a di e nt E 0,

a n d us e a  m e as ur e m e nt of Ω
ð2 Þ
e t o  mi ni mi z e E . P erf or m e d

it er ati v el y, t his pr o c e d ur e c a n e n a bl e c a n c ell ati o n of
r esi d u al E a n d E 0 t o r el ati v el y hi g h pr e cisi o n, a n d  will
als o h el p r e d u c e s yst e m ati c err or d u e t o n o ns p h eri cit y of
t h e F G [ E q. ( A 2)].

T h e el e ctri c fi el d at t h e e q uili bri u m p ositi o n of t h e F G is
cr e at e d b y p ot e nti als o n pr o xi m al s urf a c es.  T o c o ntr ol
el e ctri c fi el ds t h es e s urf a c es h a v e t o b e c o at e d  wit h a hi g h-
c o n d u cti vit y  m at eri al, s u c h as g ol d.  N o n et h el ess, s urf a c e-
p ot e nti al p at c h es of or d er 1 0  m V ar e still li k el y t o b e
pr es e nt [ 8 5].  T h e el e ctri c fi el d fr o m s u c h p at c h es f alls off
e x p o n e nti all y  wit h dist a n c e t o t h e s urf a c e.  We esti m at e t h at
1 0  m V p at c h es  wit h s p ati al s c al e of < 1 m m cr e at e el e ctri c
fi el ds t h at s atisf y r e q uir e m e nts d es cri b e d b y  E qs. ( A 2)
a n d ( A 3) pr o vi d e d t h e F G is > 1 c m a w a y fr o m t h e s urf a c e.
T h es e esti m at es gi v e t h e r e q uir e m e nts o n t h e s urf a c e
pr e p ar ati o n n e c ess ar y t o e ns ur e t h at el e ctr ost ati c pr e c essi o n
r e m ai ns b el o w t h e  G R si g n al.  A g ai n, F G pr e c essi o n d u e t o

G R eff e cts c a n b e disti n g uis h e d fr o m Ω
ð1 Þ
e a n d Ω

ð2 Þ
e t hr o u g h

or bit al  m o d ul ati o n as d es cri b e d i n S e c. C .

3. S u m m a r y

C o nsi d er a bl e d e v el o p m e nt of F G t e c h n ol o g y is r e q uir e d
b ef or e a  Gr a vit y- Pr o b e- S pi n-t y p e e x p eri m e nt  will b e c o m e
f e asi bl e. First a n d f or e m ost, t h e g yr os c o pi c pr e c essi o n of a
f err o m a g n et as pr e di ct e d i n  R ef. [ 4 3] h as t o b e e x p eri-
m e nt all y o bs er v e d a n d st u di e d. S e v er al gr o u ps ar e  w or ki n g
o n gr o u n d- b as e d l a b or at or y e x p eri m e nts st u d yi n g t h e
b e h a vi or of  mi cr o n-s c al e l e vit at e d f err o m a g n ets [ 4 5– 4 9] .
T o pr o vi d e a n o v er all s e ns e of t h e t ar g et p ar a m et ers f or a
gr a vit y s pi n e x p eri m e nt,  Ta bl e II s h o ws t h e b e n c h m ar ks
r e q uir e d t o a c hi e v e t h e esti m at e d s e nsiti vit y pl ott e d i n
Fi g. 1 .  T h es e b e n c h m ar ks ar e d eri v e d fr o m t h e r e q uir e-
m e nts t o a c hi e v e t h e esti m at e d b est e x p eri m e nt al s e nsiti vit y
t o pr e c essi o n, Δ Ω o pt ≈ 1 0 − 1 5 r a d= s, a c hi e v e d aft er a n

i nt e gr ati o n ti m e of T o pt ≈ 6 × 1 0 4 s.

T A B L E II. S u m m ar y of b e n c h m ar k e x p eri m e nt al p ar a m et er s
n e c ess ar y t o a c hi e v e t h e s e nsiti vit y pl ott e d i n Fi g. 1 .  El e ctri c-
fi el d-r el at e d esti m at es ass u m e t h e n e arl y s p h eri c al F G h as a n
e c c e ntri cit y of ∼ 0 .0 1 .

P ar a m et er B e n c h m ar k

M a g n eti c fl u x s e nsiti vit y δ Φ ≲ 5 × 1 0 − 8 G· c m 2ffiffiffiffi
H z

p

M a g n eti c fi el d B ≲ 1 0 − 1 1 G
M a g n eti c fi el d drift j ∂ B

∂ t j ≲ 3 × 1 0 − 2 6 G = s

M a g n eti c fi el d gr a di e nt B 0 ≲ 1 0 − 1 3 G = c m
El e ctri c fi el d E ≲ 5 × 1 0 − 5 V = c m
El e ctri c fi el d gr a di e nt E 0 ≲ 6 × 1 0 − 9 V = c m 2

El e ctri c p at c h p ot e nti als δ V ≲ 0 .0 1 V
B a c k gr o u n d g as d e nsit y n ≲ 1 0 3 c m − 3

Te m p er at ur e T ≲ 0 .1 K
A n g ul ar st a bilit y Δ θ ≲ 6 × 1 0 − 1 1 r a d
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Alt h o u g h, as dis c uss e d i n t h e t e xt,  m a n y of t h es e
b e n c h m ar k e x p eri m e nt al p ar a m et er v al u es h a v e b e e n
a c hi e v e d i n l a b or at or y s etti n gs, t h e a c hi e v a bl e e x p eri m e nt al
p ar a m et ers h a v e y et t o b e st u di e d i n t h e c o nt e xt of F G
pr e c essi o n. F urt h er m or e, a c hi e vi n g t h es e b e n c h m ar ks i n a
s at ellit e pr es e nts a h ost of a d diti o n al c h all e n g es.  D et ail e d
st u di es of t h es e s o ur c es of n ois e a n d s yst e m ati c err ors i n
e x p eri m e nts  wit h F Gs i n b ot h l a b or at or y a n d  mi cr o gr a vit y
e n vir o n m e nts  will b e r e q uir e d o n t h e  w a y t o w ar d a
Gr a vit y Pr o b e S pi n e x p eri m e nt.  N o n et h el ess, b as e d o n
t h e esti m at es pr es e nt e d h er e a n d t h e  m o d eli n g pr es e nt e d i n
A p p e n di x es B a n d C , a c hi e vi n g t h es e  mil est o n es a p p e ars
p ossi bl e i n pri n ci pl e.  We r eit er at e t h at t h e  m ai n p ur p os e of
o ur  m a n us cri pt is t o hi g hli g ht t h e p ot e nti al p a y off of
d e v el o pi n g F G d e vi c es f or f u n d a m e nt al p h ysi cs e x p eri-
m e nts a n d t o  m oti v at e f urt h er e x p eri m e nt al eff orts.

A P P E N DI X  B:  M O D E L  O F  A  F E R R O M A G N E TI C
G Y R O S C O P E

We  m o d el t h e F G d y n a mi cs usi n g t h e f or m ul ati o n
d es cri b e d i n  R ef. [ 4 4].  T h e F G is t a k e n t o b e a si n gl e-
d o m ai n s p h eri c al  m a g n et  wit h b o d y-fi x e d  m o m e nts of
i n erti a I X ¼ I Y ¼ I Z ≡ I . It is s u bj e ct t o a u nif or m
m a g n eti c fi el d B a n d g e n er al-r el ati visti c pr e c essi o n
d es cri b e d b y t h e a n g ul ar v el o cit y v e ct or Ω r .  T h e
H a milt o ni a n d es cri bi n g t his s yst e m is gi v e n b y:

ˆH ¼
1

2 I
ˆL 2

|fflffl { zfflffl }
H R

− ðω 0 = ℏ Þð Ŝ · n̂ Þ 2

|fflfflfflfflfflfflfflfflfflfflfflffl { zfflfflfflfflfflfflfflfflfflfflfflffl }
H A

− μ̂ · B
|fflfflffl { zfflfflffl }

H B

þ Ω r · ð ˆL þ g Ŝ Þ
|fflfflfflfflfflfflfflfflfflffl { zfflfflfflfflfflfflfflfflfflffl }

H Ω

:

ðB 1 Þ

I n t h e r ot ati o n al  H a milt o ni a n H R , ˆL is t h e or bit al a n g ul ar
m o m e nt u m o p er at or; i n t h e a nis otr o p y  H a milt o ni a n H A

[ 8 6], Ŝ is t h e s pi n o p er at or, n̂ is t h e o p er at or f or t h e u nit
v e ct or i n t h e dir e cti o n of t h e e as y  m a g n eti z ati o n a xis,
a n d ω 0 is t h e f err o m a g n eti c r es o n a n c e fr e q u e n c y; i n t h e

Z e e m a n  H a milt o ni a n t er m H B , μ̂ ¼ g μ B Ŝ i s t h e  m a g n eti c
m o m e nt o p er at or ( μ B is t h e  B o hr  m a g n et o n a n d g is t h e
L a n d é f a ct or); a n d H Ω is t h e  H a milt o ni a n a c c o u nti n g f or
t h e a n g ul ar v el o cit y v e ct or Ω r r el at e d t o g e n er al-r el ati visti c
pr e c essi o n,  w h er e g is t h e g yr o gr a vit ati o n al r ati o (if g ¼ 1
t h e  G R eff e cts f or i ntri nsi c s pi n S a n d or bit al a n g ul ar
m o m e nt u m L ar e t h e s a m e).

T h e d y n a mi cs ar e tr e at e d s e mi cl assi c all y si n c e t h e F G
h as l ar g e s pi n e x p e ct ati o n v al u e hS i, as d o n e i n  R ef. [ 4 4].
We  writ e t h e  H eis e n b er g e q u ati o ns of  m oti o n i n r e d u c e d
u nits, d efi ni n g di m e nsi o nl ess v e ct ors: t h e u nit s pi n
m ≡ S = S , t h e or bit al a n g ul ar  m o m e nt u m l ≡ L = S , t h e
t ot al a n g ul ar  m o m e nt u m, j ¼ m þ l a n d t h e u nit v e ct or i n
t h e dir e cti o n of t h e  m a g n eti c fi el d b ¼ B = B :

_m ¼ ω B m × b þ ω 0 ðm × n Þðm · n Þ

− α m × ð _m − Ω × m Þ þ g ðΩ r × m Þ; ðB 2 Þ

_l ¼ − ω 0 ð m × n Þðm · n Þ

þ α m × ð _m − Ω × m Þ þ Ω r × l ; ðB 3 Þ

_n ¼ ð Ω þ Ω r Þ × n ; ðB 4 Þ

w h er e t h e a n g ul ar v el o cit y v e ct or Ω is gi v e n b y

Ω ¼ ω 1 l ¼ ω 1 ð j − m Þ: ðB 5 Þ

H er e ω B ¼ g μ B jB j is t h e  L ar m or fr e q u e n c y a n d ω 1 ¼ S = I
is t h e n ut ati o n fr e q u e n c y.  T h e t er ms c o nt ai ni n g t h e  Gil b ert
d a m pi n g c o effi ci e nt α a c c o u nt f or  Gil b ert dissi p ati o n of
s pi n c o m p o n e nts p er p e n di c ul ar t o t h e e as y  m a g n eti z ati o n
a xis.  T h e  Gil b ert d a m pi n g is d u e t o i nt er a cti o ns of t h e s pi n
wit h i nt er n al d e gr e es of fr e e d o m s u c h as l atti c e vi br ati o ns
( p h o n o ns), s pi n  w a v es ( m a g n o ns), t h er m al el e ctri c c ur-
r e nts, et c. [ 8 7, 8 8].  T h e  Gil b ert d a m pi n g t e n ds t o l o c k t h e
s pi n t o t h e e as y a xis b e c a us e t h e c o m p o n e nts of t h e s pi n
ort h o g o n al t o t h e e as y a xis q ui c kl y d e c a y [ 4 4].  H e n c e
w e t a k e m ðtÞ ¼ n ðtÞ,  w hi c h als o si m plifi es t h e n u m eri c al
c al c ul ati o ns.  A d di n g t h e s pi n a n d r ot ati o n al a n g ul ar-
m o m e nt u m i n  E qs. ( B 2) a n d ( B 3),  w e o bt ai n

_j ¼ _m þ _l ¼ ω B ðm × b Þ þ Ω r × ðl þ g m Þ; ðB 6 Þ

¼ ω B ðm × b Þ þ Ω r × ½j þ ð g − 1 Þm : ðB 7 Þ

Usi n g  E q. ( B 5) a n d o ur a p pr o xi m ati o n t h at m ¼ n ( h e n c e
m × n ¼ 0 ),  E q. ( B 4) c a n b e r e writt e n i n t h e f or m

_m ¼ ð ω 1 j þ Ω r Þ × m : ðB 8 Þ

We c a n s ol v e  E qs. ( B 7) a n d ( B 8) f or a gi v e n s at ellit e

tr aj e ct or y t h at s p e cifi es Ω r ð tÞ ¼ Ω
ð1 Þ
L T ðtÞ þ Ω

ð1 Þ
d S ðtÞ t o o bt ai n

t h e d y n a mi cs of t h e F G.  T h e u p p er i n d e x ( 1) i n t h e
e x pr essi o n f or Ω r ðtÞ s ets g ¼ 1 i n  E qs. ( 2) a n d ( 3) of
t h e  m ai n t e xt, si n c e i n t h e  m o d eli n g g is pr es e nt i n t h e
d y n a mi c al e q u ati o ns s u c h t h at it disti n g uis h es b et w e e n
t h e eff e ct of g e n er al-r el ati visti c pr e c essi o n of i ntri nsi c s pi n
as c o m p ar e d t o t h at of a n g ul ar  m o m e nt u m, as s e e n i n
E q. ( B 1).  T h e r es ults of t h e  m o d eli n g f or ill ustr ati v e c as es
ar e dis c uss e d i n t h e n e xt s e cti o n.

A P P E N DI X  C:  O R BI T A L  D Y N A MI C S  O F
F E R R O M A G N E TI C  G Y R O S C O P E

I n or d er t o us e a n F G t o  m e as ur e  G R-i n d u c e d s pi n
pr e c essi o n, it is cr u ci al t o h a v e a disti n ct si g n at ur e t h at c a n
b e diff er e nti at e d fr o m b a c k gr o u n d eff e cts.  As n ot e d i n t h e
m ai n t e xt, p eri o di c  m oti o n of a n F G at h ar m o ni cs of t h e
or bit al fr e q u e n c y aris e d u e t o t h e  m o d ul ati o n of Ω L T

a n d Ω d S as t h e F G or bits t h e  E art h.  T his off ers a  m et h o d
t o disti n g uis h  G R-i n d u c e d s pi n pr e c essi o n fr o m  L ar m or

G R A VI T Y P R O B E S PI N: P R O S P E C T S F O R  M E A S U RI N G … P H Y S.  R E V.  D 1 0 3, 0 4 4 0 5 6 ( 2 0 2 1)

0 4 4 0 5 6- 7



pr e c essi o n a n d n ut ati o n,  w h os e fr e q u e n ci es ar e c o nst a nt i n
ti m e f or fi x e d B .

T o ill ustr at e t h e us e of or bit al  m o d ul ati o n i n a “ Gr a vit y
Pr o b e S pi n ” e x p eri m e nt,  w e  m o d el t h e b e h a vi or of a n F G
i n a cir c ul ar p ol ar or bit ar o u n d t h e  E art h  wit h r a di us
R ≈ 7 ; 0 0 0 k m ( Fi g. 2 ).  T h e F G o p er at es i n a n e xt er n al
m a g n eti c fi el d B ori e nt e d al o n g  E art h ’s r ot ati o n a xis Ω E ,
c h os e n t o b e t h e z - a xis of o ur c o or di n at e s yst e m.  As
dis c uss e d i n S e c. B , t h e s pi n is l o c k e d al o n g t h e dir e cti o n of
its e as y  m a g n eti z ati o n a xis b y  Gil b ert d a m pi n g, a n d is
i niti all y pr e p ar e d t o b e p er p e n di c ul ar t o B , al o n g x . I n t his
g e o m etr y, pr e c essi o n d u e t o t h e d e Sitt er eff e ct [ E q. ( 3) i n
t h e  m ai n t e xt] is b ot h c o nst a nt i n ti m e, si n c e R is c o nst a nt,
a n d q u a dr ati c all y s u p pr ess e d, si n c e Ω d S is p er p e n di c ul ar t o
Ω B a n d Ω d S ≪ Ω B .  O n t h e ot h er h a n d, t h e  L e ns e- T hirri n g
pr e c essi o n Ω L T ð tÞ is p ar all el t o Ω B w h e n t h e F G is at t h e
n ort h a n d s o ut h p ol es a n d as s u c h is  m o d ul at e d at t wi c e t h e
or bit al fr e q u e n c y [ E q. ( 2) i n t h e  m ai n t e xt].  T h e or bit al
m o d ul ati o n of Ω L T ðtÞ c a n b e u n d erst o o d b as e d o n t h e f a ct
t h at t h e  L e ns e- T hirri n g eff e ct g e n er at e d b y t h e r ot ati o n of
t h e  E art h is t h e gr a vit o- m a g n eti c e q ui v al e nt of a di p ol e
fi el d, a n d p oss ess es a xi al s y m m etr y a b o ut z .

T h e r es ults of a n u m eri c al s ol uti o n of  E qs. ( B 7) a n d ( B 8)
f or t h e F G d y n a mi cs, m ðtÞ, u n d er t h e c o n diti o ns d es cri b e d
a b o v e ar e s h o w n i n Fi gs. 3 a n d 4 .  T h e fi g ur es s h o w p o w er
s p e ctr al d e nsiti es ( P S Ds) of t h e esti m at e d fl u x Φ t hr o u g h a
pi c k- u p c oil i n t h e g e o m etr y d es cri b e d i n t h e t e xt [s e e
dis c ussi o n s urr o u n di n g  E q. ( 4) i n t h e  m ai n t e xt] as t h e F G
or bits t h e  E art h as s h o w n i n Fi g. 2 . I n or d er t o cl e arl y
dis c er n t h e  L e ns e- T hirri n g eff e ct i n Fi gs. 3 a n d 4 , w e
c h o os e g ¼ 1 0 7 , j ust b el o w t h e pr es e nt e x p eri m e nt al

c o nstr ai nts o n t h e  L e ns e- T hirri n g eff e ct ( Fi g. 1 i n t h e  m ai n
t e xt).  T h e P S D s h o w n i n Fi g. 3 d e m o nstr at es, as e x p e ct e d,
t h at t h e d o mi n a nt si g n al is at t h e  L ar m or fr e q u e n c y (Ω B )
a n d pr o mi n e nt si g n als d u e t o n ut ati o n a p p e ar at Ω 1 wit h
si d e b a n ds at Ω 1 Ω B .  T h er e is a n oti c e a bl e si g n al d u e t o

Ω E x

y

z

B
m

FI G. 2.  C o n c e pt u al s c h e m ati c di a gr a m of a “ Gr a vit y Pr o b e
S pi n ” e x p eri m e nt.  A fr e el y fl o ati n g s p h eri c al F G l o c at e d  wit hi n a
s u p er c o n d u cti n g s hi el d is i n a cir c ul ar p ol ar or bit.  T h e  m a g n eti c
fi el d B (fr o m t h e fr o z e n fl u x i n t h e s u p er c o n d u cti n g s hi el ds) is
ori e nt e d p ar all el t o t h e dir e cti o n of  E art h ’s r ot ati o n a xis Ω E ,
b ot h d esi g n at e d t o p oi nt al o n g z .  T h e i ns ert s h o ws t h e i niti al
ori e nt ati o n of t h e F G ’s  m a g n eti c  m o m e nt a n d s pi n m al o n g t h e x
a xis.  T h e pi c k- u p c oil  m e as ur es t h e F G ’s  m a g n eti z ati o n al o n g x .
T his g e o m etr y is d esi g n e d f or t h e d et e cti o n of t h e  L e ns e- T hirri n g
eff e ct.
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FI G. 3.  Esti m at e d p o w er s p e ctr al d e nsit y ( P S D) of t h e ti m e-
d e p e n d e nt fl u x si g n al Φ d u e t o a pr e c essi n g F G t h at  w o ul d b e
m e as ur e d b y a S Q UI D pi c k- u p c oil as i n Fi g. 2 .  T h e pl ot s h o ws
t h e P S D of a ti m e- d o m ai n si g n al of d ur ati o n T ¼ 3 × 1 0 7 s
o bt ai n e d b y n u m eri c al s ol uti o n of diff er e nti al e q u ati o ns b as e d o n
t h e  m o d el dis c u ss e d i n S e c. B .  T h e p ar a m et ers of t h e  m o d el
m at c h t h o s e list e d i n  Ta bl e I.  T h e gr a y d ott e d li n e  m ar ks t h e
L ar m or fr e q u e n c y, Ω B = ð2 π Þ, t h e gr a y d ot- d as h e d li n e  m ar ks
t h e n ut ati o n fr e q u e n c y, Ω 1 = ð2 π Þ, a n d t h e r e d d as h e d li n e  m ar ks
t h e s e c o n d h ar m o ni c of t h e or bit al fr e q u e n c y, v = ðπ R Þ. I n or d er t o
e n h a n c e vis u ali z ati o n, f or t his pl ot  w e c h o os e g ¼ 1 0 7 f or t h e
L e ns e- T hirri n g eff e ct, j ust b el o w t h e pr es e nt e x p eri m e nt al c o n-
str ai nts ( Fi g. 1 i n t h e  m ai n t e xt).

G yr o gr a vit ati o n al r ati o  = 1 0 7

G yr o gr a vit ati o n al r ati o  = 0

× − × − × − × −

( )

(G
)

FI G. 4.  T h e bl a c k c ur v e s h o ws t h e P S D of t h e ti m e- d e p e n d e nt
fl u x si g n al Φ u n d er t h e s a m e c o n diti o ns a n d as s u m pti o ns as i n
Fi g. 3 .  T h e bl u e c ur v e, v erti c all y offs et f or e asi er c o m p ari s o n,
s h o ws t h e P S D of t h e ti m e- d e p e n d e nt fl u x si g n al Φ f or t h e c as e
w h er e t h e g yr o gr a vit ati o n al r ati o g ¼ 0 .  T h e d as h e d r e d li n e
m ar ks t h e s e c o n d h ar m o ni c of t h e or bit al fr e q u e n c y, v = ðπ R Þ, a n d
pr o mi n e nt si g n als at si d e b a n ds s hift e d b y t h e  L ar m or fr e q u e n c y
ar e i n di c at e d b y t h e r e d arr o ws at v = ðπ R Þ Ω B = ð2 π Þ.  N ot e als o
si d e b a n ds at v = ðπ R Þ Ω B = π .
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t h e  L e ns e- T hirri n g eff e ct ( wit h g ¼ 1 0 7 ) at t h e s e c o n d
h ar m o ni c of t h e or bit al fr e q u e n c y, 2 π × v = ðπ R Þ (i n r a d/s,
n ot e t h e fr e q u e n c y u nits i n t h e fi g ur es ar e  H z). I n Fi g. 4 , t h e
si g n al  wit h g ¼ 1 0 7 is c o m p ar e d t o t h e si g n al f or g ¼ 0
n e ar t h e s e c o n d h ar m o ni c of t h e or bit al fr e q u e n c y, 2 v = R .
Fi g ur e 5 s h o ws Δ Φ 2 , t h e P S D of t h e diff er e n c e b et w e e n t h e
m e as ur e d fl u x fr o m t w o F Gs sit u at e d i n  m a g n eti c fi el ds
wit h e q u al  m a g nit u d es b ut o p p osit e dir e cti o ns ( ẑ ) f or t h e
c as e  w h er e g ¼ 1 .  T h e g ¼ 1 c as e  w o ul d c orr es p o n d t o t h e
c as e of p arti c ul ar i nt er est  w h er e i ntri nsi c s pi n a n d or bit al
a n g ul ar  m o m e nt u m b e h a v e i d e nti c all y i n g e n er al r el ati vit y.
As i n t h e c as e  w h er e g ¼ 1 0 7 , t h er e ar e n oti c e a bl e si g n als
arisi n g fr o m  m o d ul ati o n of F G pr e c essi o n at t wi c e t h e

or bit al fr e q u e n c y d u e t o t h e  L e ns e- T hirri n g eff e ct, s e e n at
t h e si d e b a n d fr e q u e n ci es 2 v = R Ω B .  T h e r es ults of t h e
m o d eli n g d e m o nstr at e t h at t h e  L e ns e- T hirri n g eff e ct i n d e e d
m o d ul at es F G pr e c essi o n at t h e s e c o n d h ar m o ni c of
t h e or bit al fr e q u e n c y, off eri n g a si g n at ur e of  G R eff e cts
disti n g uis h a bl e fr o m eff e cts t h at d o n ot v ar y p eri o di c all y
wit h t h e or bit.  T h e as y m m etri c s h a p es of t h e p e a ks i n
Fi gs. 3 , 4 , 5 , a n d s u bs e q u e nt pl ots ar e d es cri b e d b y F a n o
li n e s h a p es [ 8 9] t h at r es ult fr o m t h e i nt erf er e n c e of t h e
b a c k gr o u n d a n d t h e r es o n a n c es i n t h e P S D.

F or r ef er e n c e, t h e e x p e ct e d  m e as ur e m e nt n ois e fl o or d u e
t o c ollisi o ns  wit h r esi d u al b a c k gr o u n d g as, b as e d o n  E q. ( 5)
i n t h e  m ai n t e xt, is esti m at e d t o b e

δ ðΦ 2 Þ g as ≈
1 0 − 9

ffiffiffiffi
T

p G 2 c m 4 = H z : ðC 1 Þ

C o m p ari n g δ ðΦ 2 Þ g as t o t h e si g n als pl ott e d i n Fi g. 5 s h o w

t h at f or a  m e as ur e m e nt ti m es T ≳ 1 0 4 s t h e  L e ns e- T hirri n g
pr e c essi o n f or g ¼ 1 s h o ul d b e r es ol v a bl e, c o nsist e nt  wit h
t h e s e nsiti vit y esti m at es s h o w n i n Fi g. 1 of t h e  m ai n t e xt.

E m pl o yi n g a diff er e nt g e o m etr y f or t h e F G, n a m el y
ori e nti n g B p ar all el t o Ω d S , gi v es li n e ar s e nsiti vit y t o Ω d S

(i n  w hi c h c as e s e nsiti vit y t o Ω L T is q u a dr ati c all y s u p-
pr ess e d).  B y p utti n g t h e s at ellit e i nt o a n elli pti c al or bit
( Fi g. 6 ), R a n d v ar e  m o d ul at e d a n d a disti n ct si g n at ur e i n
t h e P S D of Φ c a n b e o bt ai n e d f or t h e d e Sitt er eff e ct,
as d e m o nstr at e d i n Fi g. 7 . Fi g ur e 7 gi v es t h e r es ult of
m o d eli n g t h e F G d y n a mi cs f or a p ol ar elli pti c al or bit  wit h
e c c e ntri cit y of 0. 3: t h e P S D s h o ws t h e diff er e n c e b et w e e n
t h e  m e as ur e d fl u x fr o m t w o F Gs sit u at e d i n  m a g n eti c fi el ds
wit h e q u al  m a g nit u d es b ut o p p osit e dir e cti o ns ( ŷ )

3. 1 × 1 0 − 4 3. 3 × 1 0 − 4 3. 5 × 1 0 − 4 3. 7 × 1 0 − 4
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1 0 − 1 1
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FI G. 5. P S D of t h e diff er e n c e i n ti m e- d e p e n d e nt fl u x si g n al
wit h g ¼ 1 b et w e e n t w o g yr os c o p es.  T h e g yr os c o p es sit u at e d i n
o p p osit e e xt er n al  m a g n eti c fi el ds al o n g t h e z a xis.  T h e c o n diti o ns
a n d ass u m pti o ns ar e t h e s a m e as i n Fi g. 3 .  T h e d as h e d r e d li n e
m ar ks t h e s e c o n d h ar m o ni c of t h e or bit al fr e q u e n c y, v = ðπ R Þ, a n d
pr o mi n e nt si g n als at si d e b a n ds s hift e d b y t h e  L ar m or fr e q u e n c y
ar e i n di c at e d b y t h e r e d arr o ws at v = ðπ R Þ Ω B = ð2 π Þ.
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FI G. 6.  C o n c e pt u al s c h e m ati c di a gr a m of a “ Gr a vit y Pr o b e
S pi n ” e x p eri m e nt si mil ar t o t h at s h o w n i n Fi g. 2 e x c e pt t h at t h e
or bit is elli pti c al a n d t h e  m a g n eti c fi el d B is dir e ct e d al o n g t h e y -
a xis, p er p e n di c ul ar t o t h e or bit al pl a n e.  T his g e o m etr y is d esi g n e d
f or t h e d et e cti o n of t h e d e Sitt er eff e ct.

1. 4 × 1 0 − 4 1. 6 × 1 0 − 4 1. 8 × 1 0 − 4 2. 0 × 1 0 − 4
1 0 − 1 2

1 0 − 1 1

1 0 − 1 0

1 0 − 9

1 0 − 8

1 0 − 7

Fr e q u e n c y ( H z)

2
(G

2
c

m4
Hz

)

or b

2
or b

2
B

2
or b

2
B

2

FI G. 7. P S D of t h e diff er e n c e i n ti m e- d e p e n d e nt fl u x si g n al
wit h g ¼ 1 b et w e e n t w o g yr os c o p es.  T h e g yr os c o p es ar e sit u at e d,
r es p e cti v el y, i n e xt er n al  m a g n eti c fi el d s al o n g t h e y a xis  wit h
e q u al  m a g nit u d es a n d o p p osit e dir e cti o ns.  T h e F G is  m o d el e d f or
t h e d ur ati o n of 1 0 6 s i n a p ol ar elli pti c al or bit as i n di c at e d i n
Fi g. 6 ,  wit h elli pti cit y of 0. 3.  T h e d as h e d r e d li n e  m ar ks t h e first
h ar m o ni c of t h e or bit al fr e q u e n c y, ω or b = ð2 π Þ, a n d pr o mi n e nt
si g n als at si d e b a n ds s hift e d b y t h e  L ar m or fr e q u e n c y ar e
i n di c at e d b y t h e r e d arr o ws at ω or b = ð 2 π Þ Ω B = ð2 π Þ.
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ass u mi n g g ¼ 1 . Si g n als d u e t o t h e d e Sitt er eff e ct ar e
o bs er v e d at si d e b a n ds ar o u n d t h e or bit al fr e q u e n c y ω or b ,
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[ 2 7]  É.  C art a n, S ur u n e g é n ér alis ati o n d e l a n oti o n d e c o ur b ur e d e
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