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Abstract 

 

The large-scale structure of the universe is generally described by the Cosmological Principle, which assumes homogeneity and 

isotropy on sufficiently large scales. However, in 2008, Alexander Kashlinsky and collaborators reported evidence for a coherent 

bulk motion of galaxy clusters extending to scales of at least 800 Mpc, termed Dark Flow. This motion appeared to be 

independent of the Hubble expansion and aligned toward a specific direction in the sky near the constellations Centaurus and 

Hydra. The detection was based on measurements of the kinematic Sunyaev–Zeldovich (kSZ) effect in galaxy clusters using 

Wilkinson Microwave Anisotropy Probe (WMAP) data. If confirmed, Dark Flow would imply gravitational influence from 

structures beyond the observable universe or non-standard cosmological physics. However, subsequent analyses using Planck 

satellite data have challenged the statistical significance of the original findings. This paper reviews the observational evidence, 

methodology, theoretical implications, competing interpretations, and current status of the Dark Flow hypothesis. 

1. Introduction 

The standard cosmological model, ΛCDM (Lambda Cold Dark Matter), successfully explains a wide range of cosmological 

observations including cosmic microwave background (CMB) anisotropies, baryon acoustic oscillations, and supernova distance 

measurements. It assumes that on sufficiently large scales (≳100 Mpc), the universe is statistically homogeneous and isotropic. 

Large-scale peculiar velocities — deviations from pure Hubble expansion — are expected in ΛCDM due to gravitational 

attraction from matter overdensities. However, these motions should decrease in amplitude with increasing scale and should not 

exhibit coherent alignment beyond ~100–200 Mpc. 

In contrast, the Dark Flow hypothesis suggests a coherent motion of galaxy clusters extending to scales of ~800 Mpc or more, 

potentially inconsistent with ΛCDM expectations. 

2. Discovery of Dark Flow 

2.1 Kashlinsky et al. (2008–2010) 

The Dark Flow claim originates from: 

●Kashlinsky et al. (2008), ApJL, 686, L49 

●Kashlinsky et al. (2010), ApJL, 712, L81 

Using WMAP 3-year and later 5-year data, the team analyzed approximately 700 galaxy clusters via the kinematic Sunyaev–

Zeldovich (kSZ) effect. 
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They reported: 

● Bulk velocity ≈ 600–1000 km/s 

●Direction toward Galactic coordinates roughly (l ≈ 283°, b ≈ 12°) 

●Extending to at least 800 Mpc 

This was significantly larger and more coherent than expected in ΛCDM. 

3. The kinematic Sunyaev–Zeldovich Effect 

The kSZ effect arises when CMB photons scatter off free electrons in galaxy clusters that have a peculiar velocity relative to the 

CMB rest frame. 

The temperature fluctuation is given by:  

Where: 

 

= radial peculiar velocity 

 

 = optical depth 

 = speed of light 

Unlike the thermal SZ effect, the kSZ effect preserves the CMB blackbody spectrum and produces a Doppler shift. 

Because the signal is extremely weak (~μK level), detecting it requires stacking many clusters and sophisticated filtering 

techniques. 

4. Methodology Used in Detection 

Kashlinsky's team: 

i) Selected X-ray detected galaxy clusters. 

ii)Applied Wiener filtering to WMAP maps. 

iii) Measured dipole patterns at cluster locations. 

iv) Divided clusters into redshift bins. 

v) Found consistent dipole alignment across bins. 

They argued the probability of statistical fluke was small. 

5. Comparison with ΛCDM Predictions 

In ΛCDM: 

● Bulk flows are expected on scales ≲ 100–200 Mpc. 

● Velocity amplitude declines with scale. 

● Large-scale coherent motion beyond ~300 Mpc should be negligible. 

Simulations predict bulk velocities of ~200–300 km/s at 100 Mpc scales. 

The claimed Dark Flow (600–1000 km/s at ~800 Mpc) exceeds these expectations significantly. 

6. Possible Explanations 

6.1 Super-Horizon Gravitational Influence 

One interpretation suggests mass concentrations beyond the observable universe could gravitationally influence our region. 

This would imply: 

●Violation of strict statistical isotropy. 

● Presence of super-horizon density perturbations. 

● Possible imprint of pre-inflationary physics. 
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6.2 Inflationary Remnants 

Some models of cosmic inflation allow: 

●Large-scale anisotropies 

●Super-horizon curvature gradients 

●Non-trivial topology 

(See: Turner 1991; Erickcek et al. 2008) 

Dark Flow could represent residual pre-inflation structure. 

6.3 Multiverse Interactions 

In certain eternal inflation models: 

●Bubble universes can collide. 

●Collisions leave large-scale anisotropies. 

(See: Aguirre & Johnson 2011; Feeney et al. 2011) 

However, no confirmed collision signature has been observed. 

6.4 Cosmic Textures or Topological Defects 

Topological defects (e.g., textures) could generate large-scale flows. 

(Turok & Spergel 1990) 

No confirmed observational evidence supports this currently. 
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7. Relation to the Great Attractor 
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Zone of Avoidance 
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Great Attractor 

 

 

The Great Attractor is a gravitational anomaly located near: 

●Abell 3627 

●Part of the Laniakea Supercluster 

It causes local bulk flows (~600 km/s) including motion of the Milky Way. 

However: 

● Its scale is ~50–70 Mpc. 

● It cannot explain coherent motion at ~800 Mpc. 

● Dark Flow direction extends beyond Laniakea. 

Thus, Great Attractor may contribute locally but not fully explain Dark Flow. 
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8. Planck Results and Challenges 

Planck Operations 
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Wilkinson Microwave Anisotropy Probe 

 

 

Planck reveals an almost perfect universe 
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Planck spacecraft produces its first sky map 

 

 

The Planck satellite (2013 results) analyzed SZ signals with higher sensitivity than Wilkinson Microwave Anisotropy Probe. 

◆ Key papers: 

● Planck Collaboration (2014), A&A, 561, A97 

● Ade et al. (2013) 

◆ Findings: 

● No statistically significant bulk flow at claimed amplitude. 

● Upper limit ≈ 254 km/s (95% confidence). 

This substantially weakened the Dark Flow claim. 

9. Criticism of Original Analysis 

Edward Wright (UCLA) and others argued: 

● Filtering methods may introduce bias. 

● Dipole alignment may arise from noise correlations. 

● Optical depth estimates uncertain. 

● Cluster selection effects present. 

Statistical robustness remains debated 

10. Later Studies 

10.1 Atrio-Barandela et al. (2015) 

Claimed evidence persists when combining WMAP + Planck data. 

However, independent confirmations remain lacking. 
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10.2 Cold Spot Connection 

 

CMB cold spot 
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Supervoid: Astronomers Find Large ‘Hole’ in Universe 

 

 

3D galaxy distribution in the foreground of the Cold Spot, where each point is a galaxy. The galaxy distribution in the Cold Spot 

(black points, at right) is compared to the same in an area with no background Cold Spot (red points, at left). The number and size 

of low galaxy density regions in both areas are similar, making it hard to explain the existence of the Cold Spot by the presence of 

‘voids’. 
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the breakdown of the CmB sky map produced by CoBe dmr [66], monopole (top), dipole (middle) and multipole (bottom). at T ~ 

3k level (top), we have uniform radiation from every direction. when the sensitivity is changed to ~ mk level, the dipole pattern 

shows up, which is due to the peculiar motion of our solar system relative to the CmB rest frame. as the scale is refined to ∆T ~ 

10µk, after removal of the dipole, the multipole features of anisotropy become evident. these very tiny fluctuations give us the 

information about the early universe. 
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Map of the CMB dipole used in the simulations 

 

The CMB Cold Spot has been examined as potential correlated feature. 

Some propose large supervoid (Eridanus) explanation. 

No consensus links it definitively to Dark Flow. 

11. Implications if Real 

If Dark Flow is confirmed: 

11.1 Cosmological Principle Challenged 

Large-scale isotropy violated. 

11.2 Super-Horizon Physics 

Evidence for structure beyond observable universe. 

11.3 Inflation Constraints 

New limits on inflation homogeneity. 

11.4 Multiverse Hypothesis 

Possible indirect support. 

11.5 Dark Energy Models 

Non-uniform dark energy scenarios may require revision of ΛCDM. 

12. Current Status (2025 Perspective) 

●No strong confirmation from Planck. 

●kSZ measurements improving with ACT and SPT surveys. 

●Large-scale velocity fields now measured via: 

○ Redshift-space distortions 

○ Peculiar velocity surveys 

○ Next-gen CMB experiments 
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Dark Flow remains unconfirmed and controversial. 

Most cosmologists consider: 

The original claim intriguing but statistically weak. 

13. Future Prospects 

Upcoming or ongoing missions: 

● Euclid 

● James Webb Space Telescope 

● CMB-S4 experiment 

These will: 

● Improve cluster catalogs 

● Measure kSZ with higher precision 

● Map large-scale velocity fields more accurately 

14. Conclusion 

Dark Flow represents one of the most intriguing challenges to modern cosmology. While initial WMAP-based analyses suggested 

coherent motion inconsistent with ΛCDM, higher precision Planck data failed to confirm it. Theoretical interpretations involving 

super-horizon structures, inflationary relics, or multiverse scenarios remain speculative. 

At present, the weight of evidence does not strongly support the existence of a large-scale Dark Flow beyond ΛCDM 

expectations. However, improved observational capabilities may either definitively rule it out or resurrect it as a signal of new 

physics. 

The question remains open — but cautiously so. 
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