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We present a new technigue to measure neutrino masses lisinfidw field relative to dark matter. Present
day streaming motions of neutrinos relative to dark matter laaryons are several hundred km/s, comparable
with their thermal velocity dispersion. This results in d@que dipole anisotropic distortion of the matter-
neutrino cross power spectrum, which is observable thrdabghdipole distortion in the cross correlation of
different galaxy populations. Such a dipole vanishes iffapthis relative velocity and so it is a clean signature
for neutrino mass. We estimate the size of this effect andtfiaticurrent and future galaxy surveys may be
sensitive to these signature distortions.

PACS numbers: 98.65.Dx, 14.60.Pq, 95.35.+d, 95.80.+p

Introduction.—Neutrinos are now established to be mas-make an analytical estimate of the size of this effect, ard th
sive, and the mass differences have been measured, but tfuzecast the detectability of this effect in a simplified ayai
mass hierarchy and absolute mass values remain unkhbwn [Hias model.

Precision large scale structure data can be used to measureThe relative velocity.—We treat CDM and neutrinos as two
or constrain the sum of neutrino masses, as cosmic neutrin@giids [7] interacting with each other through gravity. The
with finite masses slightly suppress the growth of structure  CDM particles and neutrinos are collisionless, neversigle
scales below the neutrino thermal free-streaming schl|[2— much of their behavior in gravitational fields can still bedno
But the challenge of this method is to conclusively diseglan  eled with the introduction of an “effective pressure,” whic
the complex and poorly understood baryonic effects as mamykes into account the velocity dispersion or thermal nmtio
processes can lead to power suppression on small scales. dfthe particles[[7]. In the fluid approximation, the effeét o
this Letter, we present an astrophysical effect which gtesi  the thermal motion is included in this effective pressurd an
a new way to measure the neutrino masses by using a distinghly the bulk motion is considered. The two fluids have differ
signature in current or future galaxy surveys. ent effective pressure, so they acquire different derssitied

We consider the relative velocity between cold dark mat-Velocities even though they are under the action of the same
ter (CDM) and neutrinos. Neutrinos decoupled early in thegravnannaI field. We use the moving ba_lckground p(_arturba-
history of the Universe when they were still relativistigth  tion theory (MBPT) [8] to calculate analytically the evdtt

their energy gradually decreased as the Universe expand&fj the density perturbations and velocities of the two fluids
until they behaved as nonrelativistic particles. At thignpo the details of this calculation are given in the Supplementa
they can cluster under the action of gravity. Nevertheldss, Material [9]. The basic idea is to assume that within a cer-
to their low masses the neutrinos can travel relativelydarg t@in volume of radiusk, each fluid has a coherent bulk ve-
distances (even at low redshifts), and be perturbed by the ufPcity; which can be expanded around a background velocity
derlying gravitational potential along their trajectarieThe — asvi(z,t) = Uz(bg) (t) + ui(x, 1), wherei refers to neutrino
large scale structures can induce a significant bulk relat*  (v) or cold dark mattefc). The background velocitygbg)
locity field between CDM and neutrinos, with typical veloc- is a slowly varying velocity long mode. Linear perturbative
ities comparable to the neutrino thermal velocity dispersi  calculation then can be applied within the region to obtaé t
As we shall show below, such a bulk relative velocity field cross-correlation of the two fluids.

will cause a local dipole asymmetry in the CDM-neutrino Starting at a high redshift (we use= 15 in our calcula-
cross-correlation function. The concept of dipole asymmetjon) when the relative bulk mach number is small, we evolve
try in correlation functions was discussed in REf. [6] rdyen  the MBPT equations down to lower redshifts, and obtain the
The CDM-neutrino cross correlation may be inferred from therg|ative velocity fieldv,.(x, z). We estimate the variance of
cross-correlation of different galaxy populations, andrse.  thjs relative velocity analytically by taking the enseméanler-
dipole asymmetry provides a distinctive and robust sigratu age for the given distribution of primordial fluctuations:

of neutrino mass, since such dipole anisotropy would be ab-
sent if not for this effect. 2

In this Letter, we delineate the principle of this method,
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FIG. 1: Redshift evolution of the neutrino velocity dispiers (the r b Mpc] r[h™" Mpc]
thin lines on top) and the neutrino-CDM relative velocityi¢k lines FIG. 2: The relative flow correlation functiofy..(r) at different
at the bottom) for different neutrino masses. redshifts. The amplitude and scale of the relative flow ddpesn

neutrino mass. The tick marks the correlation length.

whereA? is the primordial curvature perturbation spectrum,

andd = V -v is the velocity divergence. We plot the evolution This effect is similar to gravitational redshn-10] wihic
of \/(vZ.) (o,,) and the neutrino thermal velocity dispersion breaks the reflection symmetry along the line of sight, and
o, for four neutrino masses in Figl 1. The thermal velocity causes an imaginary part in the cross power spectrum between
dispersion of the neutrinos decreases as the Universe @pantwo types of galaxies.
On the other hand, the bulk relative velocity as represeoyed  Taking /(v2,) as the representative value for the back-
v/ (vZ.) grows to its maximum ab < z < 1, then begins  ground velocity, we calculate the induced density corieet
to decay. At low redshifts it is comparable with the thermalysing MBPT. Figur€l3 shows the monopole and the absolute
velocity dispersion. value of the dipole (most parts of it are negative) terms ef th
The relative velocity correlation functiod,..(r) =  CDM-neutrino cross power spectrum as well as the CDM au-
(Vue(x)vye(z + 7)) for four redshifts are shown in Fig.2. topower spectrum for four different neutrino masses. The os
The bulk velocity correlation functions for different neab  cillations in ., (dotted line) are due to the sharp sound hori-
masses are almost identical at very high redshifts, butrheco zon which is an artifact of the fluid approximation of neutrin
increasingly differentiated at low redshifts, as the clatien  in our calculation. (We have verified that the oscillationipe
functions of the lighter neutrinos have larger amplituded a s inversely proportionate to the effective sound speeit,iso
longer correlation lengths. The coherent scdfesvhich is  due to the (false) acoustic oscillation in the fluid. Realtrieu
defined as the scale at which the correlation funcon.  nos are not a collisional fluid, and the effective sound speed
drops to half of its maximum value, are 14.5, 10.3, 7.0, a6d 4. js actually a superposition of different sound speeds, sdave
Mpc/h, respectively, for the four neutrino masses:at 0. notexpectthe true cross power spectrum to exhibit thesk osc
However, the neutrinos are not visible, so we cannot use thigitions.) We have thus smoothed the dipole power spectrum
correlation function to measure neutrino mass directly. and obtained an average,,, which is shown as the solid
Power spectra and correlation functions—Because of the line, for the different neutrino masses the power specta ar
bulk relative velocity between the CDM and neutrinos, thedifferent and distinguishable. Figul® 4 shows, respelgtive
reflection symmetry along the direction of the flow is bro- the CDM autocorrelation function, the neutrino autocarrel
ken locally, and within a velocity coherent region the cfoss tion function, and the monopole and dipole part of CDM-
correlation contains a dipole term, neutrino cross correlation functions. We find that the rieatr
autocorrelation grows as the neutrino mass increasess sinc
Eev(r,v bQ)) Eero(r, v09) + e (r, 02, (2) the more massivge neutrinos tend to form more structures. The
dipole term of the cross power spectrum have a broad peak or
hump, its amplitude also grows with the neutrino mass. The
(b) ® g) scale_s of the peaks in the correlation function decreade wit
Pevo(k,voe’) + ipiPey (k,voe”). [We can see this by not- neytrino mass, and are located at 16, 11, 7, and 5 Mpet
ing that when taking the Hermlte conjugatefdf,, the imag- spectively, for the four neutrino masses.
inary part changes S|gn and so the angular dependent part iS\y,e have taken a single value of?9) = ,/{v2,) for each
ant|symmetr|c in &, i.e., &o(r,vi?)) = €ao(rold) = neutrino mass. For a given background velocity value, the
e (1, v,,c ) ] This imaginary term would otherwise be dipole correlation depends on the neutrino mass value, as is
zero if not for the relative flow between neutrinos and CDM. shown in the equations in the Supplemental Materlal [9]. But

wherey = r- v This also appears as an imaginary partin
the CDM-neutrino cross power spectrui, (k, v,(fé"), wn) =
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: than 1. For a galaxy population, we assume its density con-
trastis related to the dark matter and neutrino densityrasts

¢, 0, @Sy = befede + by f 0., Wheref, = Q./(Qc + Q)
andf, = Q,/(Q + ) ]. Since the halo mass scale
10'2 ~ 10'3 M, is smaller than the neutrino free streaming
and coherent scales, we expect the neutrino bias to be insen-
sitive to halo mass. This can also be seen by deriving the halo
bias via the peak-background split formalism or the extende
Press-Schechter formalism (see, e.g., Ref. [14]) withnreut
fluctuations only affecting the large scale background itigns
For the following calculations, we choosg to be 1 but em-
phasize that an effect will be present as long,as the same

for both galaxy populations, regardless of the particuéune.

1035‘1‘(‘)72 T 100 — L e ””1‘60210.3 The precise value could be calculated with the more elakorat
% [h Mpe '] J [h Mpe ] treatment as prescribed in Ref. [15].

FIG. 3: The power spectra of CDM and neutrinos. The CDM auto- If we consider the cross-correlation of two galaxy popula-

power P, neutrino monopoleP...o and dipoleP..1, and smoothed tions denoted byy, 3, and useb,, bs to denoteb, for «, 3,
dipole termP.,; are plotted. then

ga,@ = <5a56> = babﬂffgc + (ba + bﬂ)f(:fugcu + f3§u

6{\_low consider the: dependence of,s: because the cross

correlation function is antisymmetric irnet’,” a dipole (b, —

in fact the bulk relative velocity varies from point to point
space. A more rigorous treatment would require a consider

tion of the distribution of the bulk velocity. The fact thatth bo)f. fEw1 appears. The observability of this dipole depends
H H H B)JclJvSerl .
the typical value of bulk velocity and the dipole correlatior n the relative biasAb = b, — bs. The known spread in

a given background velocity depend on the neutrino mass erf—

hances the sensitivity for this technique. Below for simipi ormz?lc_)tn b"":.s prtpwdes a !|(|)W§r bc;)uEdl Qﬁ_bh ~ 9['5'| For
we will consider only the typical values. sensitivity estimation, we will adopkb = 1. The actual error

bar of the inferred neutrino mass will depend on the product
of Ab and galaxy number density,.

For this measurement, the bulk velocity field can be recon-
structed from the observed density field,

[Ty (k) — Ty,o(R)] ik
Ts,4(k) k2

—
o

'ch(k) = 6q(k) ®3)

relation function
i
o

Here Ty ,(k), Ty (k) are the velocity-divergence transfer
functions for neutrino and dark matter respectively, and
Ts,4(k) is the density transfer function, which depends on the
unknown neutrino mass. In practice, one can iterate thereco
struction with different trial masses,,, until a self-consistent
relative velocity fieldv,. and dipole value is found. At the
high sampling densities considered here, the fractiorrar er

in v,. is comparable to the error in the CDM density field
0. The shot noise is much smaller than the sample variance,

FIG. 4: The correlation functions, including CDM and neutriau- making the error on the velocity field negligible at the ssale

tocorrelations, and the monopole and dipole part of theissicorre- of interest. . . . .
lations. The dipole i€ corr = Ec =" The correlation function provides a local operational proc

=—1" .
" dure to measure the dipole,
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Observability.—Neither the neutrinos nor the dark matter 1
can be observed directly, but as their densities affectxgala €ap(r 1) = 5 Y. Y Ga@is(x+aw), ()
densities, their cross power can be inferred from the cross r A‘AZA‘NT
Vpe-Az~p

power of galaxies of different populations, provided thed t
biases of the two populations have different dependences amhere N is appropriate normalization. The dipole term can
neutrinos and dark matter. Galaxies are known to be biaselde extracted from this anisotropic correlation as in [Eq.(2)
relative to each otheﬁlll]. The 21cm HIPASS galaxies typi-Taking the Fourier transform then yields the power spectrum
cally have a bias of. ~ 0.7 [IE] relative to the dark matter, dipole. The error bar is easier to specify for the power spec-
whereas the bias for luminous red galaxies is typically@rea trum than the correlation function, sinkdins are statistically
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TABLE I: The forecasted error on neutrino mass with a survey o ;/ﬁ.lo.cny ?eld COhetreCTCy .tSf:atlﬁslé(ﬁr,] 10.3, 7'0’;;16 '\élp)li/irx]);l
V. = 1.0h73GpC3, ng = 2.4 x 1072h3Mp073 and with current IS IS notunexpected as ItIs the conerence ortne bu gloC

survey data, modeled with SDSS and 2dFlas= 0.2k 3Gpc? which induces such correlation. However, for the analytica
ngVs = 1 x 10°. Note that substantial uncertainties exist due to MBPT calculation we used here, it does pose a problem, be-
unknown galaxy neutrino bias, which is a nuisance parantbtar — cause strictly speaking the MBPT approximation is validyonl

we marginalize over. for scales below the coherence scale. The nonlinear effeets
current (SDSS) future come significant fok > 0.1h/Mpc. Nevertheless, the essence
my (V)| om, relative errof o, relative error of large scale velocity modulation and the expected physica
0.05 10.045  0.90 10.0042  0.084 effect (the dipole structure) is still captured in the cédtion,
8'%8 8'8%‘ 8'33 8'88% 8'83% though quantitatively it may not be very accurate at thedarg
0.40 |0.097 024 100091  0.023 scales. This can be remedied with numerical simulations. We

will study this in a future paper; preliminary results, hawwg
show that the result is generally consistent with the argit
independent. The transformation from real space to redshibne.
space does not change our error estimate because the dipolan our Fisher analysis, we have treated the galaxy relative
is orthogonal to the effect of redshift distortion, whichas bias as a nuisance parameter. As described above, the sensi-
quadrupole distortion. tivity to this effect depends om, Ab and so the galaxy density

In Fig.[3, we plot the expected error bars of the angularneeded to detect this dipole depends on the bias. In any given
dependent CDM-neutrino cross power spectrum for a surdetection of the dipoleAb is immediately known, and thus
vey with volumeV, = 1.0h3Gpc® andn,Ab = 2.4 x  the error on the neutrino mass would also be known. The un-
10=2h3Mpc >, This corresponds to an all-sky survey out to certainty in the bias, and thus the error, is proportionatae
redshiftz < 0.2, comparable to the sloan digital sky survey significance of the detection, i.e. forlés detection, there is
(SDSS) main sample volume, but with a tenfold higher galaxyan additionall 0% uncertainty in the error itself.
sampling density, about the density of HIPASS galaxies.[16] In the above we have considered a single neutrino mass. In
The_.\ two populations of galaxies could be, fqrexample, a_‘deePact, unlike the power spectrum suppression effect, whsch i
optical survey and an HI survey a!t low redsh|fts: A'ter"a'W __sensitive only to the sum of the neutrino masses, the dipole
the second tracer might be obtained by a nonlinear We'ght'ngffect discussed here can in principle be used to measure the
of the same density field such as the cosmic tide fleld [17]. mass of a single neutrino. For multiple neutrinos, the déffe

We procegd to cal_culate the.error.on the neutrino Mass Megsass eigenstates will have different bulk velocity direct
surement using a Fisher matrix e_j,tlmate_. We usekﬁhﬂ:s for each of them, which at least in theory can be solved inde-
(k. h: 0'05”9’ 0.12,0.24, O.d4k7J’ 0.94/Mpc) in _F'g'B' Modes endently by repeating this procedure once for each mass. In
wit sma e'_”“ are not used because MBPT is not a Very goot, ractice this may be difficult, but if one or two neutrino mess
approximation unless the backgrqund velocity comes fro re dominant and degenerate, then the procedure discussed i
scales larger than the mode. We fit for two parameters: a yniq | etter is already sufficient. For an inverted neutriress

multiplicative (relative) galaxy bias\b, treated as a nuisance piararchy, the effect would be twice as large and enhance the
parameter, and a neutrino mass, and marginalize the res Bssibility of detection

over the relative bias. The result is given in Taljle | for the i . ) _
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