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The James Webb space telescope has recently detected massive, fully formed, galaxies at redshifts

corresponding to few hundred million years after the Big-Bang. However, our current cosmological

model cannot produce such massive systems so early in the lifetime of the universe. A number of
theoretical solutions have been proposed, but they all appeal to exotic new physics and introduce

rather excessive ¯ne-tuning. In this paper, we outline a theoretical answer to the early galaxy-

formation question, which operates within standard general relativity and standard cosmology,
without appealing to any new physics. Instead, we account for the e®ect of a well established

feature of our universe. This feature, which has so far been kept in the margins of mainstream

cosmological research, are the peculiar velocities. We claim, in particular, that the latter can

expedite the structure-formation process through the fully general-relativistic gravitational input
of their kinetic energy.

Keywords:

In the last years, there have been several claims that the James Webb space telescope

(JWST) has detected massive galaxies at redshifts much higher than expected

(e.g. see Ref. 1). In fact, early indications of unusually high-redshift galaxies were

already given by the Hubble space telescope (HST) nearly a decade ago.2 More

recently, in January 2024, a massive galaxy (JADES-GS-z14-0) of hundreds of

millions solar masses was spectroscopically con¯rmed at a redshift of 14.32. The

extent of the source implied that its light was coming mainly from young stars,

*This essay received an Honorable Mention in the 2025 Essay Competition of the Gravity Research

Foundation.
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rather than from emission near a supermassive black hole. In addition, the detec-

tion of oxygen emission lines suggested that multiple generations of very massive

stars had already existed before the galaxy was detected. Given that relatively

small regions of the sky have been searched so far, it is likely that more such

luminous galaxies will be found by JWST in the years to come, perhaps at even

higher redshifts. The question then is: What physical mechanism can form such

bright, massive galaxies within only few hundred million years from the Big Bang?

The possibility that the early universe, at an age much younger than one billion

years, was densely populated by massive, well-developed galaxies appears to be at

direct odds with the current standard cosmological model. Indeed, within the limits of

the �CDM paradigm, high-redshift galaxies like those identi¯ed in the JWST data

should not have had the time to form (e.g. see Ref. 3). The possible additional

implications of those early galaxies, such as the foreground contamination of the

cosmic microwave background (CMB) discussed in Ref. 4, are also largely unexplored.

Several theoretical solutions have been proposed to resolve the emerging early growth

problem and the popular approach is to (somehow) enhance the (actual or e®ective)

gravitational ¯eld. By so doing, one could expedite the process of structure formation

and thus allow massive galaxies to form at earlier cosmological times. So far, however,

even the most conservative of the proposed theoretical solutions either introduce ad

hoc modi¯cations to general relativity, or add new free parameters to the existing

structure formation models (or both). Moreover, all these scenarios involve consider-

able ¯ne tuning (see Ref. 5 for a representative though incomplete list). This essay

takes a di®erent approach to the question of early galaxy formation. Instead of

appealing to exotic new physics, we will consider the possibility that we have not yet

exhausted the existing theories. Put another way, we will demonstrate that there are

still unexplored features in our current gravitational theory that could provide the

answer. In our case, the unexplored feature are the ubiquitous peculiar motions and

their (as yet unexplored) purely relativistic contribution to the gravitational ¯eld.

To begin with, let us recall the standard structure-formation scenario, which

entirely bypasses peculiar velocities. According to this model, the post-recombina-

tion evolution of linear density perturbations in the pressure-free matter (baryonic or

not) is governed by the di®erential equation (e.g. see Refs. 6 and 7).

�
::þ 2H�

: � 3

2
H2� ¼ 0: ð1Þ

Here, � ¼ ��=� represents the familiar density contrast (with � being the matter

density) andH ¼ _a=a is the Hubble parameter, with a ¼ aðtÞ being the cosmological

scale factor. Since a/ t2=3 and H ¼ 2=3t after matter-radiation equality, the above

accepts the power-law solution

� ¼ C1t�1 þ C2t2=3; ð2Þ
where C1;2 are the integration constants. Therefore, linear perturbations in the

density of the pressureless matter grow as �/ t2=3 / a, once the universe has entered
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its dust era. There is a serious problem with this solution, however, because the

growth rate is too slow. Indeed, in line with the CMB data, � ’ 10�5 at the time of

recombination, namely at z ’ 103. Then, the current value of the density contrast

today should be �0 ’ 10�2. This lies too far from the nonlinear threshold of � ¼ 1,

where structure formation is expected to begin in earnest. The problem is typically

solved by introducing cold dark matter (CDM), an as yet undetected species that (in

contrast to baryons) can start agglomerating gravitationally well before equiparti-

tion. As a result, by the time the universe enters its dust epoch, there are

\gravitational wells" of CDM, which can accelerate the growth of baryonic density

perturbations and in so doing expedite the whole process of structure and galaxy

formation. Although CDM plays a key role in the current cosmological model (the

�CDM paradigm), it appears incapable of accommodating massive, fully formed,

galaxies at the high redshifts reported by JWST.

Modifying the form of di®erential Eq. (1) can change the evolution of the density

contrast and potentially trigger a faster linear growth for it. It could then be theo-

retically feasible to accelerate structure formation and form massive galaxies con-

siderably earlier than it is currently expected and, in so doing, explain those found in

the JWST data. So far, all this can be achieved by appealing to some sort of new

physics, together with the considerable ¯ne-tuning of the newly introduced free

parameters. In this paper, we will discuss a way of modifying Eq. (1) within the realm

of general relativity, without breaking away from the Friedmann cosmological

models and without introducing any other new physics. Instead, we will account for

the e®ects of an observationally established feature of the universe, which however

has been left at the margin of mainstream cosmological research. This neglected

feature involves the peculiar velocities.

Bulk peculiar motions are commonplace in the universe, con¯rmed by numerous

surveys (e.g. see Ref. 8). So, it is fair to say that no real observer follows the mean

universal expansion, but we all have some ¯nite peculiar velocity with respect to it.

Our galaxy and the Local Group, for example, move at approximately 600 km/s with

respect to the coordinate system of the CMB, which de¯nes the rest-frame of the

cosmic expansion. These bulk °ows are believed to have started as weak velocity

perturbations around the time of equipartition/recombination, which have grown to

the observed large-scale bulk °ows by the ever-increasing inhomogeneity of the post-

recombination universe.

Peculiar °ows are nothing else but matter in motion and moving matter implies

nonzero energy °ux. At the linear perturbative level, this peculiar °ux is given by

qa ¼ �va, with va representing the peculiar velocity (e.g. see Ref. 7). In general

relativity, as opposed to Newtonian gravity, energy °uxes \gravitate" as well, since

they also contribute to the energy-momentum tensor of the matter. Although, the

(purely relativistic) gravitational input of the peculiar °ux is undisputed, its impli-

cations have been typically bypassed. Among others, the peculiar-°ux contribution

to the relativistic gravitational ¯eld feeds into the conservation laws and eventually

emerges into the linear equations governing the evolution of density perturbations.

July 19, 2025 6:23:26pm WSPC/142-IJMPD 2544010 ISSN: S0218-2718 Page Proof

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

General relativity, early galaxy formation

2544010-3

ea
Highlight

ea
Text Box
AQ: Please check short title running head.



As a result, when peculiar velocities are accounted for, Eq. (1) is replaced by

�
::þ 2H�

: � 3

2
H2� ¼ �3aHv

::� 3aH2v
: þ 9

2
aH3v; ð3Þ

with v representing the magnitude of the peculiar-velocity ¯eld (see Ref. 7 for the

initial nonlinear expression of (3)). Comparing the above to di®erential Eq. (1), one

immediately notices the di®erence in the pro¯les of the two linear formulae. The

physical reason behind this di®erence is the aforementioned (purely relativistic)

gravitational contribution of the peculiar °ux.

In Newtonian theory, linear peculiar velocities grow as v/ t1=3 (e.g. see Ref. 9).

Substituting this rate into the right-hand side of (3), while keeping in mind that

a/ t2=3 and H ¼ 2=3t in the dust epoch, leads to the familiar growth rate of �/ t2=3

for the density contrast (see solution (2) above). The relativistic treatment of linear

peculiar velocities, on the other hand, supports a stronger linear growth with

v/ t4=3:10 Again, the reason for the di®erence between the Newtonian and the rel-

ativistic results is the peculiar-°ux input to the gravitational ¯eld. Inserting the

relativistic growth rate into the right-hand side of (3), the latter accepts the solution

� ¼ C1t�1 þ C2t2=3 þ C3t; ð4Þ
where C1;2;3 are constants. The ¯rst two modes in the above reproduce the standard

solution (see (2) earlier), while the third is a new mode conveying the peculiar-

velocity e®ect. Therefore, when the latter is included, the linear growth-rate of the

density contrast increases from �/ t2=3 to �/ t. This raises the current value of

the density contrast from �0 ’ 10�2 to �0 ’ 10�1=2, which lies tantalising close to the

nonlinear threshold.

Therefore, either by mimicking the gravitational e®ects of the CDM, or by acting

together with it, peculiar-velocity perturbations can enhance the standard linear

growth of density inhomogeneities after recombination. Technically speaking, the

aforementioned enhancement results from the peculiar-°ux contribution to the en-

ergy-momentum tensor, which then feeds into the relativistic conservations laws and

eventually emerges into the linear di®erential equations monitoring the evolution of

density perturbations. Physically speaking, it is the input of the peculiar energy-°ux

that enhances the relativistic gravitational ¯eld and leads to a stronger linear

growth-rate for the density perturbations. This in turn expedites the process of

structure formation and in so doing it can produce massive galaxies at higher red-

shifts, perhaps like those detected by the JWST. Crucially, all this is achieved

without modifying general relativity, or by introducing any new physics, but by

simply accounting for the fundamentally di®erent way Newton's and Einstein's

theories treat both the gravitational ¯eld and its sources. In a sense, one could say

that, within the framework of general relativity, peculiar °ows gravitate.

In summary, linear structure formation proceeds more e±ciently in the presence

of peculiar motions than in their absence. This makes it more likely to produce

massive galaxies at high redshifts, like those recently found in the JWST data,
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when the impact of the peculiar velocities is properly accounted for. Also, unless the

peculiar-velocity ¯eld is of primordial origin, its presence in the early post-recombination

era should not have any unwanted implications for the near isotropy of the universe and

the cosmological principle. Overall, what distinguishes this scenario from the rest of the

proposed solutions to the early galaxy-formation problem, is that everything happens

within the realm of general relativity and standard cosmology and without introducing

any exotic new physics. Instead of appealing to speculative and often far-fetched

scenarios, one simply needs to account for the e®ects of peculiar motions. The

widespread presence of the latter is a hard observational fact and perhaps it

is about time to fully incorporate their study into the mainstream cosmological

research and into our structure-formation models. After all, having entered the era

of precision cosmology, we cannot go on ignoring peculiar velocities inde¯nitely.
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