
1,2



1



th





T (i)



fobs(i) = fobs
tuned + (i − i0) δf

obs,



fobs



i



fobs
tuned



i0



δfobs



vobs

c
=

f rest − fobs

f rest
= 1− fobs

f rest
,



vobs



f rest



dobs



fobs

f rest
= 1 + dobs with dobs ≡ −vobs

c
.



f rest =
fobs

1 + dobs
.



vobssys



f rest(i) = f rest
tuned + (i − i0) δf

rest with δf rest =
δfobs

1 + dobssys

and dobssys = −
vobssys

c
.



f rest
tuned



vobssys



fobs
tuned

f rest
tuned

= 1 + dobssys with dobssys ≡ −
vobssys

c
.



fobs(i)− fobs
tuned



δvobs(i) ≡ vobs(i)− vobssys .



fobs(i)

f rest
tuned

= 1 + dobs(i) with dobs(i) ≡ −vobs(i)

c
.



δvobs(i) = c
fobs
tuned − fobs(i)

f rest
tuned

,



vobs(i) = vobssys + (i − i0) δv
obs with δvobs = −c

δfobs

f rest
tuned

.



fobs
LO



fobs
RF



fobs
IF



fobs
IF (i) = SBsign

[
fobs
RF (i)− fobs

LO

]



SBsign = −1



SBsign = +1



fobs
IF (i) = fobs

IFtuned + (i − i0) δf
obs
IF ,



fobs
IFtuned ≡ SBsign (f

obs
RFtuned − fobs

LO ) ≡ cste.



fobs
IFtuned



fobs
RF (i) = (fobs

LO + SBsign f
obs
IFtuned) + SBsign (i − i0) δf

obs
IF .



fobs
RFtuned



fobs
sig



fobs
ima



fobs
sig (i) = fobs

sig,tuned + SBsign (i − i0) δf
obs
IF with fobs

sig,tuned ≡ fobs
LO + SBsign f

obs
IFtuned,



fobs
ima(i) = fobs

ima,tuned − SBsign (i − i0) δf
obs
IF with fobs

ima,tuned ≡ fobs
LO − SBsign f

obs
IFtuned.



SBsign δf
obs
IF



SBsign



δfobs
IF



δfobs
IF > 0



fobs
sig (i) = fobs

sig,tuned + (i − i0) δf
obs
IF with fobs

sig,tuned ≡ fobs
LO + SBsign f

obs
IFtuned,



fobs
ima(i) = fobs

ima,tuned − (i − i0) δf
obs
IF with fobs

ima,tuned ≡ fobs
LO − SBsign f

obs
IFtuned.



δfobs
IF > 0.



f rest
sig (i) = f rest

sig,tuned + (i − i0) δf
rest,



f rest
ima (i) = f rest

ima,tuned − (i − i0) δf
rest,



δf rest =
δfobs

IF

1 + dobssys

and dobssys = −
vobssys

c
.



f rest
sig,tuned



f rest
ima,tuned



SBobs
sep ≡ SBsign

[
fobs
sig,tuned − fobs

ima,tuned

]
.



SBobs
sep = cste = 2 fobs

IFtuned.



fobs
sig,tuned

f rest
sig,tuned

= 1 + dobssys

fobs
ima,tuned

f rest
ima,tuned

= 1 + dobssys .



SBrest
sep ≡ SBsign

[
f rest
sig,tuned − f rest

ima,tuned

]
.



SBobs
sep = SBrest

sep

[
1 + dobssys

]
,



f rest
ima,tuned = f rest

sig,tuned −
SBobs

sep

SBsign

[
1 + dobssys

] .



f lsr = fobs + f rest
vobssys − vlsrsys

c
,



fobs = f rest

(
1−

vobssys

c

)
and f lsr = f rest

(
1−

vlsrsys

c

)
.



[
SBsign f

rest (vobssys − vlsrsys)/c
]



f lsr
sig,tuned = fobs

sig,tuned + f rest
sig,tuned

vobssys − vlsrsys

c
.



f lsr(i) = fobs(i) + f rest
sig,tuned

vobssys − vlsrsys

c
,



f lsr(i) = fobs(i) + f rest(i)
vobssys − vlsrsys

c
.



∆f lsr(i) = (i − i0) δf
rest

vobssys − vlsrsys

c
.



i = i0



f rest
tuned,sig



f rest
tuned,ima



δfmeas



km s−1



δvmeas



vmeas
sys



dmeas
sys



f rest
sig (i) = f rest

sig,tuned + (i − i0) δf
rest,



f rest
ima (i) = f rest

ima,tuned − (i − i0) δf
rest,



δf rest =
δfmeas

IF

1 + dmeas
sys

and dmeas
sys = −

vmeas
sys

c
,



δfmeas
IF



vmeas
sys



vmeas(i) = vmeas
sys + (i − i0) δv

meas with δvmeas = −c
δfmeas

f rest
tuned

.



vlsr(i) = vlsrsys + (i − i0) δv
lsr with δvlsr = −c

δf lsr

f rest
tuned

.



vlsr(i) = vlsrsys + (i − i0) δv
obs with δvobs = −c

δfobs

f rest
tuned

.



δvobs − δvlsr

δvlsr
=

δfobs

δf lsr
− 1 =

1 + dlsrsys

1 + dobssys

− 1.



v/c



δvobs − δvlsr

δvlsr
=

vobssys − vlsrsys

c
∼ 10−4.



∼ 250 km s−1



mm



kHz



δf lsr = δfobs
1 + dobssys

1 + dlsrsys

, δvlsr = −c
δf lsr

f rest
tuned

, and dlsr = 1− vlsr

c
.



f rest
sig (i)



=



f rest
sig,old + (i − i0,old) δf

rest,



f rest
sig,new + (i − i0,new) δf

rest,



δf rest =
δfmeas

IF

1 + dmeas
sys

.



i0,new = i0,old +
f rest
sig,new − f rest

sig,old

δfmeas
IF

(
1 + dmeas

sys

)



f rest
ima (i)



f rest
ima,old − (i − i0,old) δf

rest,



f rest
ima,new − (i − i0,new) δf

rest,



f rest
sig,new



f rest
sig,old + (i0,new − i0,old) δf

rest,



f rest
ima,new



f rest
ima,old − (i0,new − i0,old) δf

rest.



f rest
ima,new + f rest

sig,new = f rest
sig,old + f rest

ima,old.



δvmeas
new = −c

δfmeas

f rest
sig,new

.



fmeas = (1 + dmeas
old ) f rest

old = (1 + dmeas
new ) f rest

new ,



dmeas
old = −

vmeas
sys,old

c
and dmeas

new = −
vmeas
sys,new

c
.



f rest
new = f rest

old

1 + dmeas
old

1 + dmeas
new

.



f rest
sig,new(i)



f rest
sig,tuned + (i − i0,new) δf

rest
new



[
f rest
sig,tuned + (i − i0,old) δf

rest
old

] 1 + dmeas
old

1 + dmeas
new

.



i0,new = i0,old +
f rest
sig,tuned

δfmeas
old

[dmeas
new − dmeas

old ] ,



δf rest
new = δf rest

old

1 + dmeas
old

1 + dmeas
new

, i.e., δfmeas
new = δfmeas

old .



f rest
ima,new(i)



f rest
ima,tuned,new − (i − i0,new) δf

rest
new



[
f rest
ima,tuned,old − (i − i0,old) δf

rest
old

] 1 + dmeas
old

1 + dmeas
new

.



f rest
ima,new = f rest

ima,old

1 + dmeas
old

1 + dmeas
new

− f rest
sig,tuned

dmeas
new − dmeas

old

1 + dmeas
new

.



dmeas
old = −

vmeas
lsr + vlsrsys,old

c
and dmeas

new = −
vmeas
lsr + vlsrsys,new

c
.



dmeas
new = dmeas

old +
vlsrsys,old − vlsrsys,new

c
.



fobs = f rest

√
c2 − vobs

2

c+ vobs∥
,



vobs
2
= vobs∥

2
+ vobs⊥

2



vobs∥



vobs⊥



vobs∥ ≫ vobs⊥



fobs = f rest

√√√√c− vobs∥

c+ vobs∥
.



fobs = f rest

(
1−

vobs∥

c

)
.



vobs(i) = vobssys + (i − i0) δv
obs with δvobs = −c

δfobs

f rest
tuned

.



λobs = λrest

√√√√c+ vobs∥

c− vobs∥
.



λobs = λrest

(
1 +

vobs∥

c

)
.



fobs =
f rest

1 +
vobs
∥
c

.



vobsopt(i) = vobssys,opt + (i − i0) δv
obs
opt with δvobsopt = +c

δλobs

λrest
tuned

.



v1



fobs
tuned,conv1 = f rest

tuned D1(v1),



D1()



Dopt(vopt) =
1

1 +
vopt

c

.



fobs
tuned,1



D2()



f rest(i) = f rest
apparent + (i − i0) δf

rest
apparent,



f rest
apparent = f rest

tuned

D1(v1)

D2(v1)
, and δf rest

apparent = δf rest
tuned

D1(v1)

D2(v1)
.





10−5



f rest
sig,new = f rest

sig,old

Doptic(v
obs
sys,old)

Dradio(vobssys,new)
, f rest

ima,new = f rest
ima,old

Doptic(v
obs
sys,old)

Dradio(vobssys,new)
,



δfmeas
new = δfmeas

old

Doptic(v
obs
sys,old)

Dradio(vobssys,new)
, and δvmeas

new = −c
δfmeas

new

f rest
sig,new

.



f rest
sig,new



f rest
ima,new



δfmeas
new



f rest
sig,new = f rest

sig,old

Drelat(v
obs
sys,old)

Drelat(vobssys,new)
, f rest

ima,new = f rest
ima,old

Drelat(v
obs
sys,old)

Drelat(vobssys,new)
,



δfmeas
new = δfmeas

old

Drelat(v
obs
sys,old)

Drelat(vobssys,new)
, and δvmeas

new = −c
δfmeas

new

f rest
sig,new

.



Drelat(v
obs
sys,old)

Drelat(vobssys,new)
=

Drelat(v
lsr
sys,old)

Drelat(vlsrsys,new)
.



f rest
sig,new = f rest

sig,old

Drelat(v
lsr
sys,old)

Drelat(vlsrsys,new)
, f rest

ima,new = f rest
ima,old

Drelat(v
lsr
sys,old)

Drelat(vlsrsys,new)
,



δfmeas
new = δfmeas

old

Drelat(v
lsr
sys,old)

Drelat(vlsrsys,new)
, and δvmeas

new = −c
δfmeas

new

f rest
sig,new

.



vlsrsys


