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Unveiling neutrino halos with CMB lensing
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The existence of a cosmic neutrino background has been inferred indirectly from cosmological surveys
through its effect on the linear-theory evolution of primordial density perturbations, as well as from
measurements of the primordial abundances of light elements. Constraints on the masses of the three
neutrino species imply that at least two of them move nonrelativistically today. As a consequence, nonlinear
evolution of density perturbations results in the formation of neutrino halos around dark matter halos. We
study whether these neutrino halos can be detected in the foreseeable future through measurements of weak
gravitational lensing of the cosmic microwave background, thus providing, possibly, the first beyond-

linear-theory signature of cosmic neutrinos.
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I. INTRODUCTION

A cosmic neutrino background (CvB) is an unavoidable
consequence of the hot big bang model for the origin of the
Universe [1,2]. Its properties are intricately linked to the
physics governing the Universe approximately 1 second
after its birth. The detection of the CvB would therefore
mark a substantial leap in unraveling the earliest epoch of
our Universe’s history.

Direct detection of these neutrinos is notoriously diffi-
cult, even by the standards of most of neutrino physics,
given that CuB neutrinos today have energies <1073 eV
and neutrino interaction strengths scale with this energy. As
early as 1962, Ref. [3] proposed an inverse-beta-decay
technique to directly detect neutrinos from the CuvB.
Despite past and ongoing efforts in advancing this frame-
work [4], the experimental program is expected to require
several more decades to bear fruit [5—7]. While alternative
approaches to detect the CvB have been suggested [8—17],
they often face similar challenges in terms of sensitivity.
Concurrently, an extensive laboratory program has been
established to measure fundamental properties of neutrinos,
such as their masses, with the current leading constraints set
by the KATRIN experiment, imposing an upper bound on
the sum of neutrino masses of »_ m, < 2.4 eV [18].

From a cosmological point of view, the inferred proper-
ties of neutrinos are contingent upon the underlying cosmo-
logical model assumed. Within the standard ACDM model,
neutrinos are expected to follow a Fermi-Dirac distribution
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with a temperature of 1.95 K. Within this framework, the
effects of the CuvB on the linear-theory evolution of
primordial density perturbations have been seen in cosmic
microwave background (CMB) observations and galaxy
surveys, see e.g., [19] for a review. In addition, measure-
ments of the primordial abundances of light elements have
enabled to probe the properties of neutrinos in the very
early Universe [20]. This has resulted in measurements of
and constraints on the relativistic and nonrelativistic neu-
trino energy densities, respectively, down to O(10%)
precision [21,22]. The latter measurement has yielded
the strongest (but model-dependent) constraint on the
sum of neutrino masses to date, setting an upper bound
of > m, <0.12 eV [21].

The presence of nonzero neutrino masses has interesting
implications for the formation of cosmic structures.
Measurements of solar and atmospheric neutrinos have
shown that at least two of the neutrino mass eigenstates are
heavy enough to move nonrelativistically today [23]. As a
result, the nonlinear evolution of primordial perturbations
would lead to the emergence of neutrino halos that are
gravitationally bound to dark matter halos, but exhibit a
more diffuse distribution [24-30]. Detecting these neutrino
halos through their gravitational effects would constitute a
new, albeit indirect, observational signature of the CuB.
This concept has been explored in the context of cosmic-
shear measurements in Ref. [25], where it was shown
that neutrino halos would introduce only a (sub)percent-
level effect on the shear profile, making their detection a
technical challenge.

In this paper, we study the potential of detecting neutrino
halos around dark matter halos through their lensing
influence on the CMB. On sufficiently small angular scales,
the CMB temperature/polarization can be approximated by
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a gradient across the halos. Lensing of this gradient then
induces a dipolar distortion whose detailed pattern is deter-
mined by the lens mass distribution, see e.g., [31-37]. We
show whether stacking CMB patches around galaxies with
future CMB experiments may enable a detection of this
subtle effect, and discuss the main challenges that need to be
addressed in order to achieve this goal.

Throughout this work, we assume a flat ACDM cosmol-
ogy and fix the cosmological parameters to the Planck 2018
best-fits [21]: h = 0.6727, @4y = 0.1202, wp, = 0.02236,
n, = 0.9649, In (10'°A;) = 3.045, and 7., = 0.0544.

II. DARK MATTER AND NEUTRINO HALOS

We assume that dark matter halos of mass M follow
a spherically symmetric Navarro-Frenk-White (NFW)
profile, given by

Ps
= 1
DM x(1+x)2’ ( )
where
M
Ps (2)

- drriln(l+c)—c/(1+¢)]’

and x = cr/ry,.. Here, ¢ is the concentration parameter,
and r,; is the virial radius. We use the concentration-
halo relation from Ref. [38], and define the virial radius as
rvir = (3M /(200 x 47pic)) /3. Using the Poisson equa-
tion, we can then calculate the gravitational potential
®py = —47Gp,r?In(1 + x)/x and its derivative
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FIG. 1.

which we use to compute the deflection of CMB photons
caused by the dark matter.

To obtain the contribution from neutrinos to the gravi-
tational potential, we first solve the collisionless Boltzmann
equation for the neutrino distribution function. We do this
by linearizing the Boltzmann equation, following the
approach in Refs. [24,39], which after solving gives us
the neutrino density perturbation. This neutrino density
perturbation multiplied by the background density is then
interpreted as the neutrino-halo profile. In Fourier space,

the neutrino perturbation 3,, reads [24]

A s(z) o
o,(k,z,M) = 477Gﬁm,0/ ds’a(s")oy(k,s',M)(s(z) —s")
k _
. F[ (s(2) =5 >], "
m,

where s = f dta=? (and a the scale factor), 3m is the matter
density perturbation (which we obtain with CLASS [40]),
and F is the Fourier transform of the Fermi-Dirac distri-
bution, given by

_ 4 % _1\n+1 n
F(X) 734‘(3) n:I( 1) * (n2+x2T12/>2’

(5)
with T, = 1.95(1 + z) K. We define the real-space matter
perturbation as &, = ppm/Pm, With p,, the matter back-
ground density, and use the NFW profile as given above.
The neutrino density perturbation in real space can be
obtained by Fourier transforming Eq. (4)

(k)
)5 2y, (6)
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Left three panels: Density profiles of dark matter (dotted) and neutrino (solid) halos. Left-most panel shows the density profiles

for three dark matter halo masses at redshift z = 0.5 and for m, = 0.3 eV. The second and third panels show the dependence of the
neutrino halo profiles on redshift and neutrino mass. Rightmost panel: The normalized lensed CMB temperature profiles from dark
matter (dotted) and neutrino (solid) halos. The curves are normalized to unity at their maximum. CMB lensing due to neutrino halos can
be seen to peak further away from the halo center compared to the dark matter induced effect.
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We note that while strictly speaking this approach is
valid only when 6, <1, the linear approximation is
generally an underestimation of the true clustering as
obtained with simulations [24,39], which makes our
method here more conservative. In what follows, we take
Eq. (6) and define p,(r|z, M) = f,up,0,(r, 2, M), where
o1 1s a fudge-factor to account for the potential mismatch
between our approximation and fits using N-1-body sim-
ulations (set to unity throughout), and p, is the background
neutrino density. We then again use the Poisson equation to
calculate the neutrino halo potential and its derivative
numerically. To assess the impact of the neutrino mass
scale on our results, we consider three scenarios': (i) a case

. lightest
with m, =™

lightest
mylg es

= 0.1 eV; (ii.) a higher mass scenario with
= 0.3 eV; and (iii.) the current upper limit set by

KATRIN with m,2" = 0.8 eV [18].

We show the matter and neutrino density profiles in
the first three panels of Fig. 1. The first panel shows
the profiles for three different dark matter halo masses
M = {10'2,10"3,10'*}M . The neutrino halo density can
be seen to be many orders of magnitude smaller—and
smoother near the halo center—compared to the dark
matter halo. The second and third panels show the redshift
and neutrino-mass dependence of the neutrino-halo profile.
The rightmost panel shows normalized CMB lensing
profiles due to dark matter (dotted line) and neutrino (solid
lines) halos, demonstrating how the lensing signal from
neutrinos peaks at larger radii compared to dark matter, and
in a way sensitive to neutrino mass.

III. CMB LENSING

CMB photons from the last scattering surface get
deflected by potential gradients along our line-of-sight
direction 71 (see Ref. [42] for a review). The lensed CMB
temperature and polarization satisfy X' (/) = X“(f + a(#)),
where X € {T, Q, U} represents the dimensionless CMB
temperature 7" or the two Stokes parameters Q or U
(normalized by the mean CMB temperature). Throughout
this work, we will use / (u) to denote lensed (unlensed) CMB
fluctuations. At leading order in perturbations, the lensed
CMB can be expanded as

X'(h +a(h)) ~X"(h) +a(i) - VX“(R),  (7)

and the lensing deflection & can be assumed to be a pure
gradient a(i2) = V¢ (i), such that
Dy

L0 (i), (8)

S

(i) = -2V / "y
0

Here, ®(y#i) is the gravitational potential, y is the comoving
distance, y, is the comoving distance to the recombination

'Note that for m " > 0.1 eV the neutrinos can be treated as
degenerate in mass [41].

surface, Dy =yx —y, and Dy = y,. We approximate
the gravitational potential near a dark matter halo to
be spherically symmetric around the halo center,
VO(r) = t0®(r)/dr, and define the unit vector # with origin
at the halo center.

The CMB modulations due to lensing sourced by a
single halo can be written in the flat-sky approximation as

0o

4 D © dr
X'(r,) I—cz[VX”(ri)‘rﬁDds/ T2 o’ ©)
N r - 1

€L

where r, is the transverse radial distance away from the
halo center, and VX*(r, ) is the unlensed CMB fluctuation
gradient. Here we assume both the CMB temperature
gradient and the parameter Dy are constant in the inte-
gration region. Before describing our stacking analysis, we
first detail the galaxy survey configuration we consider.

IV. GALAXY SURVEY

For the galaxy survey, we consider the Vera Rubin
Observatory (LSST) deep sample following Ref. [43].
We assume that the galaxy catalog can be separated into
halo mass and redshift bins, and calculate the lensing signal
on an evenly spaced grid of 10 halo mass bins within
log,o M €12, 15]M, by 5 redshift bins within z €[0.1, 3].
The total galaxy number density at each redshift roughly
satisfies n(z) = ngy(2/20)* exp(—2z/29)/(220), where zo =
0.3 and we set the galaxy number to roughly twice the
number anticipated for the LSST gold sample; ng, =~
80 arcmin~2 [43,44]. We compute the anticipated number
count of halos in each mass-redshift bin using the standard
Sheth-Tormen halo mass function [45], normalized to the
expected total galaxy number n(z) at each redshift in a
volume corresponding to a sky coverage appropriate for the
LSST survey.

The individual halo masses are expected to be measured
imperfectly, with around 40% error in In M, from combi-
nations of lensing and Sunyaev-Zeldovich (SZ) measure-
ments. In addition, redshift determinations are subject to
photo-z errors [46—48]; for example, the anticipated LSST
photo-z error is o,(z) = 0.03(1 +z) [44]. As we show
next, using information on halo mass and redshift would
lead to a more optimal estimation of the lensing profile, and
can potentially break degeneracies between parameters that
affect CMB lensing in similar ways. Here, we assume that
the effect of the measurement uncertainties of halo mass
and redshift can be accounted for by taking galaxy catalog
mass-redshift bin sizes to be sufficiently larger than these
errors.”

*Future experiments such as MegaMapper [49], which is
expected to have precise redshift information for all halos
observable with LSST, could allow for a much finer binning
in redshift, significantly increasing the prospects of probing
neutrino halos at higher precision.
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V. STACKING ANALYSIS

To extract the lensing signal, we stack patches of the
CMB around dark matter halos oriented along the unlensed
CMB gradients. We apply a matched filter to each patch
that returns the unbiased minimum-variance lensing signal
to maximize the prospects of detection.

We begin by writing the observed real-space intensity
map around a dark matter halo as composed of the lensing
signal, a(r) =7, a(r), and all other contributions

X\(r) = =VX“(r) -7 a(r) + X(r), (10)

where a(r) = a,(r) + apm(r) + ap(r) is the total lensing
deflection profile including neutrinos, dark matter, and
baryons, respectively. We assume that the observed lensed
CMB maps can be filtered to get unbiased and minimum-
variance estimates for the norm of the unlensed CMB

gradient |V/}F‘| for each halo. The corresponding estimator

noise NX = <(\V/\X”\ — |VX*|)?) from neutrino lensing can
be shown to satisfy [37]

N,’,‘(M,z)zé/(glsz |“”C(§Q| , (11)

where a,(¢) is the neutrino-halo lensing deflection profile
in Fourier space, and CX¥ is the ILC-cleaned CMB
spectrum, consisting of the lensed primary CMB signal,
foregrounds, and CMB experiment noise.

We calculate the lensed CMB black-body temperature
and polarization power spectra using CAMB [50]. The
Stokes parameters spectra CgQ and CYY are derived from
CEE and CBB. We account for the foregrounds following the
prescription in the Appendix of Ref. [51]. In particular, we
add the following contributions to the temperature power
spectrum: the frequency-dependent cosmic infrared back-
ground, the thermal Sunyaev-Zeldovich (tSZ) effect, radio
sources, and the reionization and late-time kinetic Sunyaev-
Zeldovich (kSZ) effects (which are black-body). We
assume that the polarization spectra are foreground-free.
The CMB noise is modeled at each frequency channel and
includes the pink and white noise components as N, =
A} exp[£(£ 4 1)8yna/ (8108(2)][1 + (Zinee /€)=, with
Orwiv the beam full-width at half-maximum, Ay the
noise rms, and {@uee, Cinee} = {—3, 100} parameters that
model the effect of the Earth’s atmosphere for upcoming
ground-based experiments. For our forecast, we consider

*Here we assumed that the neutrino-halo lensing can be
isolated from the CMB patches. In practice, lensing due to dark
matter halos and baryons will bias the measurement of the unlensed
CMB gradients, roughly proportional to ~|a,(€)apy(¥)| and
~la, (€)ay,(€)], affecting prospects to unambiguously detect the
neutrino-halo lensing. We take a fist step towards investigating this
bias in what follows.

next-generation CMB experiments, ranging from the
upcoming Simons Observatory (SO) [52] to the future
CMB-S4 [53,54], Advanced SO [52] and CMB-HD
[55,56], whose survey parameters we take from Table 2
of Ref. [51]. We combine the anticipated CMB observa-
tions at different frequency channels to calculate the
minimum-variance standard internal linear combination®
(ILC) cleaned [68] CMB spectrum CX*.

The estimated signal-to-noise ratio (SNR) from CMB
field X for a halo of mass M at redshift z is then
SNR = /(|VX“|*)/NX(M,z), where we set the fiducial
values of the dimensionless CMB gradient rms {+/(|VT"|?),
V(YO P), V/(IVU]?)} equal to’ {4.7,0.47,0.47} x 107°.
We first calculate the single-halo detection SNRs from the
three components X € {7, Q, U} for each halo mass and
redshift bin in our grid. We then weight the SNR values
with the number count of halos at each mass-redshift
bin expected from LSST. Finally, we sum these in inverse
quadrature to obtain the total detection SNR from the catalog.

VI. RESULTS

The SNR is shown in Fig. 2 as a function of the CMB
temperature white noise amplitude after ILC cleaning. We
also consider forecasts assuming all frequency-dependent
foregrounds can be removed from the CMB (dashed lines),
leaving only the blackbody CMB signal and foregrounds.
We find that at the present cosmological mass limit within
ACDM, > m, <0.12 eV, the SNR is too low for the
neutrino-halo-lensing effect to be detectable in the near
future. We emphasize, however, that although neutrino
masses are very small in the standard ACDM model, it is
reasonable to question, given residual tensions like those
with H, and Sg [69-71], whether there may be some new
physics missing. It is also reasonable to surmise that such
new physics might allow higher neutrino masses or colder
neutrinos. Thus, although the prospects for detection of
these neutrino halos is not promising with the nominal
current bound and our conservative assumptions for the
halo profiles, the search may still be warranted given
persistent issues with ACDM and the likelihood that full
calculations will indicate denser neutrino halos than we
have assumed here (for example, the fudge factor could be
as high as a factor of ~5 within ACDM [24] or even higher
beyond [6]). Nevertheless, with our current setup, we see
that larger neutrino masses lead to a significant increase in
the SNR, suggesting measurements of CMB lensing could

4Ongoing work on mitigating the effects of foregrounds for
lensing measurements, as well as delensing, and development of
more optimal lensing-potential reconstruction techniques sug-
gests the fidelity of lensing reconstruction in the future may
improve significantly compared to the ILC-cleaned CMB spec-
trum C¥X which we consider here (see e.g., [34,57-67)).

"r, equivalenty, {v/(IVT"[%),\/(IVQ"P), /([VU"P)} =
{13,1.3,1.3} in pKarcmin™" units.
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FIG. 2. Detection signal-to-noise ratio of neutrino halos for next-generation CMB experiments and a galaxy catalog representative of
the LSST deep sample. The dashed lines are obtained by assuming frequency-dependent foregrounds can be removed from maps,
leaving the lensed black-body CMB signal and black-body foregrounds only, while the solid ones correspond to the detection SNR
assuming standard ILC-cleaning as described in the text. In the left (right) panel, we assume the beam of the residual CMB noise is 1.4-
arcminute (15-arcsecond), appropriate to upcoming (future) CMB experiments. The horizontal axis corresponds to the ILC-cleaned
white-noise rms of CMB experiments, with gray shaded regions depicting anticipated noise levels matching CMB-S4/Advanced SO
(left panel) and CMB-HD (right panel). The blue, green, and yellow lines in both panels correspond to neutrino masses
m, = {0.1,0.3,0.8} eV, respectively. Here we set fy, = 0.4 and f,, = 1.

potentially be used for putting upper bounds on neutrino
masses. Notably, future cosmological surveys may have
the sensitivity to place such an upper bound to high
significance if the frequency-dependent foregrounds can
be cleaned efficiently from the CMB.

VII. DISCUSSION AND CONCLUSION

In this work, we considered a new way to detect cosmic
neutrinos beyond their linear-theory effects. In particular,
we studied the statistical power of upcoming CMB and
large-scale structure surveys to detect neutrino halos from
oriented stacking of lensed CMB temperature and polariza-
tion patches around galaxy clusters. We showed that this
could be feasible if the neutrino masses are sufficiently large.

So far, we have omitted uncertainties in the modeling of
the dark matter halo profiles and the effects of baryonic
matter on the lensing profiles, both of which would
influence the SNR of an unambiguous neutrino-halo
detection. While the lensing signal caused by neutrinos
have a different shape compared to dark matter (see right-
most panel in Fig. 1) and baryons (see e.g., [72-74]), we
anticipate that joint modeling of these effects may make it
somewhat more difficult to isolate the impact of neutrinos.
As a preliminary analysis, we assess the reduction in the
detection SNR of neutrino halos when the dark matter
halo mass M and concentration parameter ¢ are modeled
as free parameters. We perform an ensemble-statistics
analysis where we calculate the information matrix

]:flz/}) _ fosky(éﬁrl) [aaC;T,v(z)C_1 aﬁC;T'U<Z)]. Here, C;T,v(z)

is the neutrino-induced lensing profile at redshift z, C =

C‘;T'W) + NT is the corresponding lensing estimator

covariance, and indices a, f for partial derivatives vary
over parameters {m,, M, c}. For a given halo of mass
M ~108Mg and m, = 0.2 eV, we calculate j’-'ffg at each
of the five redshift bins we consider within z € [0.1, 3.0].
We then sum these matrices after inverse weighting them by
the number-count of halos anticipated to be in the LSST
catalog in these mass-redshift bins. We find that margin-
alizing over dark matter halo parameters leads to a modest
reduction in the neutrino-halo detection SNR by ~20%
compared to parametrizing the lensing signal with m,

\/(F_l)mpmp/(fmymb)_l ~0.8. In a followup

work, we will investigate the impact of modeling dark
matter and baryonic effects jointly with neutrinos in further
detail.

Another assumption we made was that the unlensed
CMB temperature and polarization gradients can be known
perfectly when aligning the patches. This is a reasonable
assumption as the unlensed CMB gradients are coherent on
small scales due to Silk damping (over ~90 percent of the
rms of (|VX*|?) comes from scales # < 1000 [75]) and the
observed lensed CMB fields can be delensed very effec-
tively for upcoming CMB surveys that cover large scales
(seee.g., [67,76]). Nevertheless, in practice, our knowledge
of the unlensed CMB gradients will not be perfect due to
residual lensing and other interactions of CMB photons
with the intervening structure along their trajectories. We
leave a more detailed analysis of this effect on the neutrino
halo detection prospects to upcoming work.

Finally, in computing the neutrino halo profile, we
solved the linearized Boltzmann equation, which under-
estimates the true clustering magnitude of massive neu-
trinos. To enhance the accuracy of our results, a more

alone, 1i.e.,

103504-5



HOTINLI, SABTI, NORTH, and KAMIONKOWSKI

PHYS. REV. D 108, 103504 (2023)

advanced method, such as one based on N-1-body simu-
lations, would capture the nonlinear behavior and result in a
clustering boost by a factor of a few. We will implement
such an improved methodology in future work to allow us
to refine our findings and obtain more precise results.
The relic neutrino background is an integral part of our
cosmological model, yet its direct detection has remained
elusive. While laboratory experiments are currently being
designed to directly detect these species, cosmology has
already provided us with probes to indirectly infer their
existence and properties. Neutrinos, being massive, cluster
together to create neutrino halos, a mechanism that extends
beyond their linear-theory effect in cosmology. In this

study, we investigated the prospects of detecting neutrino
halos through a joint analysis of CMB lensing and galaxy
surveys. Such a detection would open up new windows to
the origin of our Universe.
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