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Galaxy Spins

I most galaxies are rotating disks of stars and gas

I dust lanes, trailing spiral arms, HI velocity (rotation) field

I readily identifyable spin axis in 3-D (see Motloch talk)

I spin direction well preserved from initial conditions (Haoran’s
talk), ∼ 0.5 correlation with primordial IC. Much stronger
than shape alignment, conservation of angular momentum

I potentially vast reservoir of fossils from initial conditions
(& 108 modes)

I direct probe of primordial helicity, cosmic neutrino background
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Observable

(M51, from Wikipedia)
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Angular momentum (“spin”)

I 1st order effect from misalignment of moment of inertia and
tidal tensor

I torque: τ ≡
∫
ρr ×∇φ

I Taylor expand: τi = εijk
∫
ρx jx l∂l∂kφ ≡ εijk IilTlk

I Tensor form τ = ∗I · T

I first realized by S. White (1984), see also LP00
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predicting spin

I Tidal Torque Theory (TTT): relates spin to initial Inertia and
Tide

I Inertia tensor not easily identified, requires running N-body
simulation.

I approximate Inertia by Tide (Zeldovich), torqued by external
tide.

I IC-TTT: jα = εαβγTβκT +
κγ

I T = φ̄,βκ smoothed tidal field

I T +
βκ = φ̄+,βκ tidal field smoothed on slightly larger scale, Taylor

approximated by T +
β,kappa = ρ̄,βκ

I ∼ 0.5 correlation with actual eulerian spin at optimal mass
filter

I “best one can hope for” in data reconstruction
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Gas-DM simulations
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Shy Genel, Illustris, private communication
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Measurement

Motloch+ 2021
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3-D: E-mode Lagrangian

Eulerian (L) vs Lagrangian (R) (from Yu et al 2016, 1610.7112)
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E-mode Coordinate

reduce 3-D Lagrangian map to 1-D potential (max Zeldovich):

potential deformation x i = ξµδiµ +
∂φ

∂ξµ
δiµ

dreibein e iµ ≡ ∂x i/∂ξµ

volume element
√
g ≡ det

∣∣e iµ∣∣
mass coordinate ρ

√
g = Const.

∂µ(ρ
√
geµi δ

iν∂ν φ̇) = 〈ρ〉 − ρ√g (1)

Solve Monge-Ampére eqn (1) using multigrid (Pen 1995): unique
bijective mass coordinate. See also Tully/Peebles, Mohayaee+,
Goldberg, Schmidtfull, Wang+, Seljak, Zaldarriaga,
Hada/Eisenstein, Shi/Brikin/Li+, Jasche+, Sarpa+
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Predicting Neutrino Torques

I ν gravitational field (large scale tide) torques CDM (small
scale inertia)

I ∆x(q) = qj∂i∂jψ

I Ic ∼ Tc : both describe particle displacement

I jν = εIcTν ∼ εTcTν

I Neutrino tidal torque is predictable observable from
displacement potential
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Movie

http://cita.utoronto.ca/~ haoran/thnu/movie.html
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Illustration
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Size estimate

I |jν/jc | ∼ 10−4(fν/0.003)[
√

P(kFS)/P(kvir)/0.03]

I agrees with simulation measurement

I need n > 108 galaxy spins

I accessible in next generation 21cm surveys
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Helicity

I statistical isotropy and homogeneity allows for helicity
asymmetry (e.g. weak force)

I NOT Goedel/Longo effect (“net k independent left/right
spin”)

I angular momentum measures twist of tidal tensor

I helicity measures twist projected along k vector
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Nature

V
Schaller & A. Bausch, Nature, 481, 268
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Pastarimeter

Saxon et al 2002, J. Chem. Ed, 79, 1214
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ELUCID projection

I JICa = εabc∂bkφ
r∂kcρ

r

I PL/R
ab (k) = 1

2

[
δab − k̂ak̂b ±iεabc k̂c

I J̃ICL/R,a(k) ≡ PL/R
ab (k)J̃ICb (k)

I µX =
〈

Jg

|Jg | ·
JICX
|JICX |

〉
X ∈ {L,R}

I µ− = µL − µR
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Helicity results

I µL = 0.41± 0.53 ×10−2 maximal left is allowed

I µR = 1.99± 0.53 ×10−2 maximal right is disfavoured!

I µ− = −1.58± 0.75 ×10−2 Parity symmetry is allowed
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Helicity IC

I Helicity is probe of primordial non-gaussianity 4 point function
(e.g. Cahn+ 2021)

I constructable in N-body initial conditions

I maximal violation straightforward to implement numerically,
consistent with observations

I potentially related to inflationary two field chiral coupling
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Conclusions

I galaxy spins: new probe of initial conditions

I predictable from observable displacement field using non-linear
reconstruction

I computationally straightforward, mass coordinate similar to
Lagrangian

I already observable, scalable to much larger surveys

I parity odd field, less likely to be contaminated

I unique probes of neutrinos, helicities, etc...
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