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and the observation of receding blueshifted objects
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We use the dynamics of a galaxy, set up initially at a constant proper distance from an observer, to
derive and illustrate two counter-intuitive general relativistic results. Although the galaxy does
gradually join the expansion of the univer@dubble flow), it does not necessarily recede from us.

In particular, in the currently favored cosmological model, which includes a cosmological constant,
the galaxy recedes from the observer as it joins the Hubble flow, but in the previously favored cold
dark matter model, the galaxy approaches, passes through the observer, and joins the Hubble flow
on the opposite side of the sky. We show that this behavior is consistent with the general relativistic
idea that space is expanding and is determined by the acceleration of the expansion of the
universe—not a force or drag associated with the expansion itself. We also show that objects at a
constant proper distance will have a nonzero redshift; receding galaxies can be blueshifted and
approaching galaxies can be redshifted.2@®3 American Association of Physics Teachers.

[DOI: 10.1119/1.152891]6

I. INTRODUCTION will start to recede as they pick up the Hubble flow. This
confusion mirrors the assumption that, without a force to
The interpretation of the expansion of the universe in genhold them together, galaxieand our bodies would be
eral relativistic cosmology was, and to some extent still is;stretched as the universe expands. The aim of this paper is to
the subject of discussion and controversy. Robeftsord  clarify the nature of the expansion of the universe, including
isotropic universe with a comoving frame in which recedingthe effect of the expansion on objects tiaa¢ notreceding
bodies are at rest, and peculiar velocities are velocities medYith the Hubble flow. This paper is an extension of previous
sured with respect to this comoving frame. This standardliScussions on the expansion of space. ,
metric and the picture of expanding and curved space is fully 10 clarify the influence of the expansion of the universe,

: « ” 16
consistent with special relativity locally and general relativ- W€ consider the “tethered galaxy probletn!®We set up a
ity globally> Milne rejected the expansion of space and in-distant galaxy at a constant distance from us and then allow

sisted instead on expansion through space and introduc itjto move freely. The essence of the question is, once it has
een removed from the Hubble flow and then let go, what

Newtonian cosmolog§.Although the original formulation ; . , .
was found to be logically inconsistehtnany different for- effect, if any, does the expansion of f[he Universe have on its
ovement? In Sec. Il we derive and illustrate solutions to the

mulations of Newtonian cosmology have since beer" . .
proposed. Recession velocities are a fundamental feature ofethered galaxy problem for arbitrary values of the density of

the general relativistic expansion of the universe. Harfisontn€ universeQy and the cosmological constafl, . We

has pointed out a conflict in the use of recession velocitieShow that no drag is associated with unaccelerated expan-
that is resolved when a distinction is made between the emsion. Our calculations agree with and generalize the results
pirical and theoretical Hubble laws: the empirical redshiftobtained by Peac_:oé‘l?, but we also point out an interesting
distance relationcz=HD, is valid only at low redshifts, interpretational difference.

b : L The cosmological redshift is important because it is the
wh!le v=HD dgnved from .the Rober,tson—WaIker 'metr|c 'S most readily observable evidence of the expansion of the
valid for all distances. I is Hubble’'s constanty is the

X o o . universe. In Sec. lll we point out a consequence of the fact
recession velocityz is the redshiftc is the speed of light, that the cosmological redshift is not a special relativistic
andD is the proper distancePerhaps partly because it ap- poppler shift, and we derive the counter-intuitive result that
pears paradoxical and partly because of the different definia galaxy at a constant proper distance will have a nonzero
tions of distance, recession velocities greater thare stilla  redshift. In Sec. IV we summarize our results and discuss
source of much confusion and skepticiérdespite several relativistic radio jets as examples of receding blueshifted
attempts to clarify the isstfe. objects.

Recently it has been argued that the expansion of space is
a peculiarity of the particular coordinate system used, and
the expansion can equally well be described as an expansion
through spac8,or alternately, that the expansion lizcally ?" THE TETHERED GALAXY PROBLEM
kinematical'® Debate persists over what spatial scales par-
ticipate in the expansion of the univerSé?and the effect of
the expansion of the universe on local systems is a topic
current research® The general expansion of the universe is
known as the Hubble flow. A persistent confusion is that
galaxies set up at rest with respect to us and then released ds’=—c?dt?+a?(t)dy?, )

We assume a homogeneous, isotropic universe and use the
gjtandard Friedmann—Robertson—WalkeRW) metric1We

only encounter radial distances, and therefore the FRW met-
ric can be simplified to
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initial condition that we have arranged for our experiment.
Nevertheless, the discussion can be generalized to any object
that has obtained a peculiar velocity and in Sec. IV we de-
scribe a similar situation that is found to occur naturally. We
define the total velocity of the untethered galaxy as the time

derivative of the proper distance,,=D,

D=ay+ay, 2)

Utot= Urect U pec- ©)

The peculiar velocity . is the velocity with respect to the

b , comoving frame out of which the test galaxy was boosted. It

’ corresponds to our normal, local notion of velocity and must
be less than the speed of light. In this section we consider
only the nonrelativistic case,,cc<c. The recession velocity
Urec IS the velocity of the Hubble flow at the proper distance
D and can be arbitrarily largt® The motion of this test
galaxy reveals the effect the expansion of the universe has on
local dynamics. To enable us to isolate the effect of the ex-
pansion of the universe, we assume that the galaxies have
Fig. 1. (8) A small distant galaxyconsidered to be a massless test paiticle negligible mass. By construction the tethered galaxy at an

is tethered to an observer in a large galaxy. The proper distance to the smafitial time t, has zero total veIocit)D(): 0, or
galaxy, D, remains fixed; the small galaxy does not share the recession

velocity of the other galaxies at the same distance. The tethered galaxy — Upec,g= ~ Urec,0s (4)
problem is “What path does the small galaxy follow when we unhook the . .
tether?”(b) Drawn from the perspective of the local comoving frafoet of AoXo= —apXo- )

which the test galaxy was boosjethe test galaxy has a peculiar velocity . L . .
equal to the recession velocity of the large galaxy. Thus, the tethered galaxyvIth this initial condition established, we untether the galaxy

problem can be reduced to “How far does an object, with an initial peculiardnd let it coast freely. The question is then: Does the test
velocity, travel in an expanding universe?” galaxy approach, recede, or stay at the same distance?
The momentump with respect to the local comoving
frame decay® as 1A. This scale factor dependent decrease
where't is the proper time of each fundamental observerm Momentum is an important basis for many of the results
(also known as the cosmic tim¥ The scale factor of the that follow. For nonrelativistic velocitiep=mo . (for the
universe,a, is normalized to 1 at the present day(t,)  relativistic solution see Appendix)Band, therefore,

=ag=1, andy is the comoving coordinate. The proper dis-

Upec,0
tance,D=ay, is the distanc€along a constant time surface, Upec:pT- (6)
dt=0) between us and a galaxy with comoving coordinate
x- This is the distance a series of comoving observers would . —aoXo
measure if they each laid their rulers end to end at the same X~ 5 @
cosmic instant! Differentiation with respect to proper time d
H 1 . “ " t t
is denoted by a dot and_ is used to define apprc.);.ac ( X=Xo 1—30J had § ®)
<0) and “recede from” D>0). Present day quantities are to &
given the subscript zero. Alternative measures of distance are ¢ dt
discussed in Appendix A. D=ayo 1—aof . 9
Figure 1 illustrates the tethered galaxy problem. In an ex- to &

panding universe distant galaxies recede with recession very,, integral in Eqs(8) and (9) can be performed numeri-

locities given by Hubble's lawpc=HD, whereH is the .oy 1y usingdt=da/a and &y, where both are obtained
time dependent Hubble constakt=a/a. We adoptH, directly from the Friedmann equation,

=70 kms *Mpc L. Suppose we separate a small test gal-

axy from the Hubble flow by tethering it to an observer’s A= - _H
galaxy such that the proper distance between them remains dt 0
constant. We neglect all practical considerations of such ) )
tether because we can think of the tethered galaxy as one th%t‘e normalized matter densit@y=8wGpo/3H3 and the
has received a peculiar velocity boost toward the observegosmological constarfd ,=A/3H§ are constants calculated
that exactly matches its recession velocity. We then removat the present day. The scale facigt) is derived by inte-
the tether(or turn off the boosting rockgtto establish the grating the Friedmann equation.

initial condition of constant proper distand2,=0. The idea  EQquation(9) provides the general solution to the tethered
of tethering is incidental, but for simplicity, we refer to this 9alaxy problem. Figure 2 shows this solution for four differ-
as the untethered or test galaxy. Note that this is an artificig#nt models. In the currently favored modek),(,)
setup; we have had to arrange for the galaxy to be moved out (0.3,0.7), the untethered galaxy recedes. In the empty,
of the Hubble flow in order to apply this zero total velocity (y,Q,)=(0,0) universe, it stays at the same distance
condition. Thus it is not a primordial condition, merely an while in the previously favored Einstein—de Sitter model,

1/2
1+Qy, +QA(a2—1)} . (10

—_—
a
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Fig. 2. Solutions to the tethered galaxy problf#g. (9)]. For four cosmo-  Fig. 3. Solutions to the tethered galaxy problem in comoving coordinates
logical models we untether a galaxy at a distanc®gf 100 Mpc with an [Eqg. (8)] for five cosmological models. In all the models the comoving
initial peculiar velocity equal to its recession veloditgtal initial velocity is coordinate of the untethered galaxy decredees initial condition specified
zerg and plot its path. In each case the peculiar velocity decaysaadts/ a negative peculiar velocityln models that do not recollapse the untethered
final position depends on the model. In tHe(,Q,)=(0.3,0.7) accelerat- galaxy coasts and approaches an asymptote as it joins the Hubble flow. The
ing universe, the untethered galaxy recedes from us as it joins the Hubbleate of increase of the scale factor determines how quickly an object with a
flow, while in the decelerating example€){; ,Q,)=(1,0) and(0.3,0, the peculiar velocity joins the Hubble flow. In the accelerating universe
untethered galaxy approaches us, passes through our position, and joins ey ,,)=(0.3,0.7), the perturbed galaxy joins the Hubble flow more
Hubble flow in the opposite side of the sky. In th@,;,Q,)=(0,0) model  quickly than in the decelerating universgis0) and (0.3,0, with the (0,0
the galaxy experiences no acceleration and stays at a constant proper digiiverse in between. The), ,(2,)=(2,0) model is the only model shown
tance as it joins the Hubble flofEq. (15)]. In Sec. lll and Fig. 5 we derive  that recollapses. In the recollapsing phase of this model the galaxy’s peculiar
and illustrate the counter-intuitive result that such a galaxy will be blue-velocity increases aa decreases and the galaxy does not join the Hubble
shifted. We are the comoving galaxy represented by the thick dashed linflow [Eq. (B1)]. In the (0,00 model the proper distance to the untethered
labeled “us.” There is a range of values labeled “now,” because the currentgalaxy is constant, and therefore its comoving distapeeD/a tends to-
age of the universe is different in each model. ward zero(our position asa tends toward infinity. The different models
have different starting points in time because the current age of the universe
is different in each model.

(Qn,Q,4)=(1,0), and the Q),,Q,)=(0.3,0) model, it ap-
proaches. The different behavior in each model ultimately
stems from the different compositions of the universes, be-

cause the composition dictates the acceleration. When the p—; Upec0d (12)

cosmological constant is large enough to cause the expansion a a

of the universe to accelerate, the test galaxy will also accel-

erate away. When the attractive force of gravity dominates, =(Ay+ay)—a; 13

decelerating the expansion, the test galaxy approaches. Gen- (@x+ax)—ax (13

eral solutions in comoving coordinates of the tethered galaxy

problem are given by Ed8) and are plotted in Fig. 3 for the =ay (14

same four models shown in Fig. 2, as well as for a recollaps-

ing mOdEL @M,QA):(Z,O). :_qHZD, (15)

ﬁ' Eé(lpa]qsion makes the untethered galaxy join the where the deceleration parametgft)=—&a/a®. Notice
ubble flow

that the second term in E¢L3) owes its existence tg# 0

As shown in Fig. 3, the untethered galaxy asymptotically(which is only true ifv ,o# 0) and here represents the galaxy
joins the Hubble flow in each cosmological model thatmoving to lower comoving coordinates. The resulting reduc-
expands forever. However, Fig. 2 shows that whether théion in recession velocity is exactly canceled by the third
untethered galaxy joins the Hubble flow by approachingterm which is the decay of the peculiar velocity. Thus all
or receding from us is a different, model dependentterms ina cancel, and we conclude that the expansian,
issue. The untethered.galaxy asymptotically joins the Hubble>0’ does not cause accelerati@n-0. Thus, the expansion
flow for all cosmological models that expand forever be'does not cause the untethered galaxy to rededeto ap-
cause proach, but does result in the untethered galaxy joining the

Hubble flow @ pec—0).

(11) An alternative way to obtain Eq15) is to differentiate

. o Hubble’s Law,D=HD. This method ignores .. and there-
As a—~ we haveD=uv,~HD, which is pure Hubble fore does not include the explicit cancellation of the two
flow. Note that the galaxy joins the Hubble flow solely due toterms in Eq.(13) of the more general calculation. The fact
the expansion of the universa {ncreasing,. that the results are the same emphasizes that the acceleration
We further see that the expansion does not effect the dyef the test galaxy is the same as that of comoving galaxies
namics because when we calculate the acceleration of thend there is no additional acceleration on our test galaxy
comoving galaxy, all terms ia cancel out: pulling it into the Hubble flow.

. v
_ _ pec,0
D=vectv pec— UrecT a
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Proper Distance, D (Mpc) a onset of accelerationg0) and the galaxy beginning to
25—6300 -290 -100 0 190 290 -1.0 -0|.5 0.0 0.%50 . . .
recede (,=>0) as is usual when accelerations and velocities
[ (G2 are in different directions.

The example of an expanding universe in which an unteth-
ered galaxy approaches us exposes the common fallacy that
“expanding space” is in some sense trying to drag all pairs
110 E of points apart. The fact that in theg,,Q,)=(1,0) uni-
verse the untethered galaxy, initially at rest, falls through our
position and joins the Hubble flow on the other side of us
0 does not argue against the idea of the expansion of $Béice.

does, however, highlight the common false assumption of a
force or drag associated with the expansion of space. We
T have shown that an object with a peculiar velocity does re-
e join the Hubble flow in eternally expanding universes, but
£
£
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This qualitative result extends to all objects with a peculiar
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Fig. 4. Upper panels: The deceleration parametéey determines the accel-
gration of the untethered galakiq. (1_5)] and can change siqn. This par- In the context of special reIativitWIinkowski spaca ob-
ticular model shows the effect af (right panel on the position of the oo at rest with respect to an observer have zero redshift.

untethered galaxyleft pane). Initially g>0 and the proper distance to the However. in an expandin niverse special relativistic con-
untethered galaxy decreaskss in an 1y ,Q,)=(1,0) universg but q WEVET, 1 Xp ing u I“V ,,p. : . VISt -
subsequently evolves and becomes negative, reflecting the fact that the cdepts do not generally apply. “At rest” is defined to be “at

mological constant begins to dominate the dynamics of the universe. Witftonstant proper distance”v(m=D=0), so our untethered
<0, the acceleratio® changes sign. This makes the approaching galaxygc,;ll‘,;‘xy with D0=0 satisfies the condition for being at rest.

slow down, stop, and eventually recede. The dotted lines are fixed comoving, . . . . B
coordinates. Lower panels: Thdl(,,Q,)=(2,0) universe expands and ill it therefore have zero redshift? That is, atg=0 and

then recollapsesa( changes sign and the peculiar velocity increases and Uior=0 equivalent? Although radial recession and peculiar
approaches asa—0 [Eq. (B1)]. velocities add vectorially, their corresponding redshift com-

ponents combirfé as (1+ Zio) =(1+2Zed (1+Z5ed - The con-
. . dition thatz,,,=0 gives
B. Acceleration of the expansion makes the untethered 1
galaxy approach or recede 117 )= (17)
(1 20ed = 13209
e special relativistic relation between peculiar velocity and
oppler redshift is

(1+2569%—1
(1+2Zpe)*+1

Because the initial condition i8,= 0, whether the galaxy
approaches or recedes from us is determined by whether it |

accelerated toward usD(<0) or away from us P>0).
Equation(15) shows that in an expanding universe, whether B
the galaxy approaches us or recedes from us does not depend Uped Zped = C

on the velocity of the Hubble flovbecauseH=>0) or the while the general relativistic relation between recession ve
distance of the untethered galafbecausé >0), but on the . Y X . .
sign ofg. When the universe acceleratep<(0), the galaxy locity (at emissioft) and cosmological redshiftis

recedes from us. When the universe decelerajesQ(), the 2 )=c H(Zeo) [Zrec dz 19
galaxy approaches us. Finally, whem=0, the proper dis- Vred Zred = 1+Ze.Jo H(2)'

tance stays the same as the galaxy joins the Hubble flow.

Thus the expansion does not “drag” the untethered galaxy’here H(zed =H(ter) is Hubble’s constant at the time of
away from us. Only theacceleration of the expansiocan ~ emission. Hubble’s constant as a function of cosmological

result in a change in distance between us and the untetherég@dshift is obtained by rearranging Friedmann’s equation

: (18

galaxy. [Eq. (10],
Notice that in Eq(15), g=q(t)=q(a(t)) is a function of 1 12
the scale factor: H(z)=Hy(1+2)| 1+ Qyz+Q, W—l” ) (20
-1
q(a)= %_QAaZ 1+QM(£_1 +QA(a2_1)} ' In Fig. 5 we plot thev;,;=0 and thez,,;=0 lines to show
2a a they are not coincident. To obtain tlag=0 curve, we do the

6 following: For a givenv .. Wwe use Eq(19) to calculatez .
which fora(ty) =1 becomes the current deceleration param<for a particular cosmological modelEquation(17) then
eter qo=Qu/2—Q,. Thus, for example, the ({\;,Q,) gives us a correspondirgy..and we can solve far .. using
=(0.66,0.33) model hag,=0, butq decreases with time, EQ. (18). The result is the combination of peculiar velocity
and therefore the untethered galaxy recedes. The upper pa@d recession velocity required to give a total redshift of
els of Fig. 4 show how a changing deceleration parametetero. The fact that the,,=0 curves are different from the
affects the untethered galaxy. There is a time lag between thg,=0 line in all models shows that,,=0 is not equivalent
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- b\ues“"“eg o “eg,k\'\_“::d Fig. 5 The graph_s show t_he combinati_on of rece_ssion
>§ 0.8¢c : Jenifte’ 1F ¢ 3o 8 velocity and peculiar velqcny that result in a redshift of
= & & zero, for four cosmological models. The purpose of
'§ 0.6¢c (bé‘, ull§ oq,é\ 1 these graphs is to display the counter-intuitive result
2 QQ@@@ QQ‘ that in an expanding universe a redshift of zero does not
3 04cr VA — Vo0 I @ 1 correspond to zero total velocityp=0). Gray striped
?ﬂ 020k — 7,70 || ] areas show the surp_rising situations vyhere rec_eding gal-
o (©Q,,2,)=(0.30.7) (Q,,2,)=(0,0) axies appear blueshifted or approaching galaxies appear
. ) ) . redshifted. Other modeldfor example, (y,Q,)

1.0 N ' ' =(0.05,0.95), Fig. 4, top parlecan have both ap-
= (\&Q’Q) es“\&*\ed proaching redshifted and receding blueshifted regions
.8 08¢ & %s“‘ T ‘(J\‘;ds“\“ed i simultaneously. Recession velocities are calculated at
_:_5 *\\ & ! the time of emission; the results are qualitatively the
8 Oieer T SKS i same when recession velocities are calculated at the
2 04ch S 1L <§@ | time of observation. Thus galaxies that were receding at
8 Q)&Q Ky emission and are still receding, can be blueshifted. Note
§ 02| S 1L | that in each panel for low velocitignearby galaxies
- (Q,p2,)=(0,1) (Q,,2,)=(1,0) the zm=0_ line a_symptotes to_ they,=0 !lne. Se_el Sec.

! ! ! . IV for a discussion of the active galactic nuclei jet data
0c ic 2c 0Oc 1c 2c point in the upper left panel.

Recession Velocity (v Recession Velocity (v

rec) rec)

to v,,=0. Recession velocities due to expansion have a dif- We can predict which radio sources have receding blue-
ferent relation to the observed redsmﬁq. (19)] than do shifted jets. The radio source 114631, for example, has a
peculiar velocitie§Eq. (18)].3 redshift z,.c=1.629+0.005%? In an (Qy,Q,)=(0.3,0.7)
That thez,,,=0 line is not the same as thg,=0 line even  Universe, its recession velocity at the time of emission was
in the q=0, (Qy,Q,)=(0,0) model(upper right Fig. is  Urec™=C- Therefore .the reIatjvistic jetlec<c) it emits in our
particularly surprising because we might expect an empt)dlreCtlpn wasgand ig r_ecedmg _from_us_ and yet,_n‘ the parsec
expanding FRW universe to be well described by speciafcale jet has a peculiar velocity within the typical estimated
relativity in flat Minkowski space—time. Zero velocity ap- range 0.8uvp./c=<0.99, it will be blueshifted. This ex-
proximately corresponds to zero redshift fop,<0.3 or ~ ample is the point plotted in the upper left panel of Fig. 5.
Zc=0.3[not just for the(0,00 model but for all modelk but
for larger redshifts is not the case because of the different
way time is defined in the FRW and Minkowski metrics. A
coordinate change can be made to make the FRW model loo 1.0
like Minkowski space—time, but the homogeneity of constant
time surfaces is lostAs a consequence, in thé(,,Q,) r 7

=(0,0) model, a galaxy at a constant distanBe=0) will

be blueshifted. An analytical derivation of the solution for

the empty universe is given in Appendix C. ]
The fact that approaching galaxies can be redshifted ancs

receding galaxies can be blueshifted is an interesting illustra£

lines of z'ero total L/elocity '

—

jet

peyIYSPa.

0.0

tion of the fact that cosmological redshifts are not Doppler§ \l,g
shifts. The expectation that wher,=0, z;,=0, comes from = 3 |
special relativity and does not apply to galaxies in the gen-° %
eral relativistic description of an expanding universe, even an 054 2 |
empty one. ' G
(@)
s
| R > _
IV. OBSERVATIONAL CONSEQUENCES E )
-1.0 !
The result for the tethered galaxy can be applied to the 0.0 1.0 2.0 3.0
related case of active galactic nuclei outflows. Some compac. Z,5 (redshiftof central source)

extragalactic radio sources at high redshift are seen to hav,g . . . . .
bipolar outflows of relativistic jets of plasma. Jets directed, > 6. This graph expresses the same information as Fig. 5 but in terms of
P ’ . ) p ) . observables. An active galactic nuclei with the central source of cosmologi-
toward us(and in particular the occasional knots i @re  c5 redshift,z,,,, is assumed to be comoving. The observed redshift of a
anaIO_gs of a tlefthe'l’e@br bQOSte_ﬁd galaxy. These antS have_ knot in a jet,z,, is the total redshift resulting from the peculiar velocity of
peculiar velocities in our direction, but their recession veloci-the jet and from the cosmological redshift. Thg=0 boundary separates
ties are in the opposite direction and can be larger. Thus thige redshifted regiotuppe from the blueshifted regioflower). The curves
proper distance between us and the knot can be increasingprrespond to a total velocity of zeroD¢0) for different models,

They are receding from u@n the sense thab>0), yet, as (Qnm,Qy), as labeled. The regions representing receding objects and ap-
e ! ’ roaching objects are indicated for the,,Q,)=(0.05,0.95) and
\kl)vle hﬁ\.?e thOWFn hgrer‘], the radlatllonlfro.m thed.l(nOt.CaT b On,Q24)=(0,1) models as examplésecession or approadcit emissioris
ue_s Ifted. In Fig. 6 the zero-total-ve PC'ty condition Is plot- plotted. In contrast to results based on special relativity, receding objects
ted in terms of the observable redshifts of a central-sourcgre not necessarily redshifted, nor are blueshifted objects necessarily

and jet system. approaching us.
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V. SUMMARY in a fashion similar to what we have done for proper dis-

We have pointed out and interpreted some countert2nce: thazi,=0 is not equivalent to eithed, =0 or Da

intuitive results of the general relativistic description of our = *-
universe. We have shown that the unaccelerated expansion of
the universe has no effect on whether an untethered galaxPPENDIX B: RELATIVISTIC SOLUTION
approaches or recedes from us. In a decelerating universe tF®R PECULIAR VELOCITY
galaxy approaches us, while in an accelerating universe the .
ga|axy recedes from us. The expansion' howe'sa]espon_ When a universe CO”apSES, the scale faetalecreases.
sible for the galaxy joining the Hubble flow, and we have Thusv ¢ 1/a [see Eq(6)] means that the peculiar velocity
shown that this happens whether the untethered galaxy ajncreases with time. Therefore, in collapsing universes, un-
proaches or recedes from us. tethered galaxies do not “join the Hubble flow.” This behav-
The expansion of the universe is a natural feature of genior is shown for the ,,Q,)=(2,0) model in Fig. 3. Col-
eral relativity that also allows us to unambiguously convertlapsing universes require the relativistic formula for the
observed redshifts into proper distances and recession velo@hange of the peculiar velocity to avoid the infinite peculiar
ties and to unambiguously define approach and recede. Weelocities that result frono pe < 1/a asa—0. To produce all
have used this foundation to predict the existence of recedinghe figures in this paper, except the lower panels in Fig. 4, we
blueshifted and approaching redshifted objects in the unihaye use=mo ... However, as the peculiar velocities be-
verse. To our knowledge this is the first explicit derivation of come relativistic in a collapsing universe, we need to use the
this counter-intuitive behavior. ) ___special relativistic formula for momentunp= ymo e,
Concepts such gs .recede Qr approac.h and quantities, oo 7:(1_05‘3#2)71/2_ Because momentum decays as
such asD are of limited use in observational cosmology 1/3 (p=p.a,/a), we obtain
because all our observations come to us via the backward
pointing null cone. This limitation will remain the case until YoV pec,0
a very patient observer organizes a synchronized set of co- Upec™ T2 227 55"
moving observers to measure proper distariceowever, va +7’OUPG%/C
the issue we are addressing—the relationship between o refore, as— 0, v,ec—C. Equation(B1) was used to pro-
served redshifts and expansion—is a conceptya_l one and HRice the lower panels of Fig. 4. The relativistic formula for
closely related to the important conceptual distinction be'momentum should also be used in eternally expanding uni-
tween the theoretical and empirical Hubble laivs. verses if relativistic velocities are set as the initial condition
in Eq. (4). Using Eq.(B1) in Eq. (11) results in a residual
ACKNOWLEDGMENTS dependence oa in Eq. (14). The residual is negligible for

. . v<c, and becomes negligible far~c asa—». Note that
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ship. JKW acknowledges useful discussions with Ken Lan- P . : .
Collapsing universes also provide the possibility of
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tive comments. proaching us. However, if the galaxy is distant enough, it

may have been receding for the majority of the time its light
took to propagate to us. In this case the galaxy appears red-

(B1)

APPENDIX A: LUMINOSITY DISTANCE, shifted even though it may be approaching at the time of
ANGULAR-DIAMETER DISTANCE observation. This example differs from the active galactic
. . . nuclei jet example because the active galactic nuclei jet may

The FRW metric including the angular terms is appear blueshifted even though therjeter approaches us

ds?=—c2dt?+a?(t)[dy?+ S2(x)(d6*+ x2dp?)], (A1)
APPENDIX C: ANALYTIC SOLUTION

whereS,(x) =sinhy, x, siny for k=—1, 0, 1, respectively,

and 6 and ¢ are the angular measures in spherical coordi—FOR THE EMPTY UNIVERSE
nates. We use the proper distarize=ay, which is the dis- In the empty ,,,Q,)=(0,0) universe, an analytical so-
tance measured along a spatial geodesic, the path light fojgtion can be found for the combination of recession and
lows through space. Other distance measures in common uggculiar velocity that would give a redshift of zero. For an
are angular diameter distan@,=(1+2) 'a(t)S(x) and  empty expanding univers¢j(z)=Hy(1+2), and the time
luminosity distancéd, = (1+2z)a(t)S(x). Both include the  derivative of the scale factor at emissiorgis,=Hg. There-

S, term, which means they both involve the distance perpenfore, Eq.(19) becomes

dicular to the line of sight. S.(x) appears only in the metric , dz

when multiplied by an angular terinThey can be used to v =CHof e (C1)
parametrize distance, but have no direct relation to recession - o Ho(1+2)

velocity and cannot be used to explain the observed redshift.

The distance in Hubble’s law,,..=HD, is proper distance. =cin(1+2zed (€2
If one prefers to us® , or D as measures of distance and elrec/C=1+ 7. (C3
D, andD, to define “approach” and “recede,” it can also | we substitute Eq(C3) into Eq. (17) followed by Eq.(18),

be shown, using the relationships betwé®nD ,, andD,,  we find
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e~ 2uyeclC_ 1

Upec— C e—2vrec7c+1 : (C4)

Equation(C4) shows that only in the limit of small . does
Upec™ ~VUrec fOr z,=0. Equation C4 generates the thick
blackz=0 line in Fig. 5, upper right panel.

APPENDIX D: SUGGESTED PROBLEMS

The host galaxy of active galactic nuclei 134831 has a
redshiftz,..=1.63. Assume for simplicity that we live in a
universe with 0y ,Q,)=(1,0).

@
emitted the light we now sedRefer to Eqs(19) and
(20).]

If the jet it emits had a peculiar velocity in our direc-
tion of v pe= 0.8, what was the jet's total velocity at
the time of emissionPRefer to Eq.(3).] Is it moving
away from or toward us?

What is the jet’s total redshifiz,,? [See Eq.(18) and
the text preceding Eq.17).] Is it redshifted or blue-
shifted?

(b)

(©

(d)

observation? Compared to your answer in pd#), is

this behavior what you would expect for a decelerating

universe?
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