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Abstract

We measured the dipole of the diffuse γ-ray background (DGB), identifying a highly significant time-
independent signal coincidental with that of the Pierre Auger UHECR. The DGB dipole is determined from flux
maps in narrow energy bands constructed from 13 yr of observations by the Large Area Telescope (LAT) of the
Fermi satellite. The γ-ray maps were clipped iteratively of sources and foregrounds similar to that done for the
cosmic infrared background. The clipped narrow energy band maps were then assembled into one broad energy
map out to the given energy starting at E= 2.74 GeV, where the LAT beam falls below the sky’s pixel
resolution. Next we consider cuts in Galactic latitude and longitude to probe residual foreground
contaminations from the Galactic plane and center. In the broad energy range 2.74< E� 115.5 GeV, the
measured dipoles are stable with respect to the various Galactic cuts, consistent with an extragalactic origin.
The γ-ray sky’s dipole/monopole ratio is much greater than that expected from the DGB clustering component
and the Compton–Getting effect origin with reasonable velocities. At ;(6.5–7)% it is similar to the Pierre
Auger UHECRs with EUHECR� 8 EeV, pointing to a common origin of the two dipoles. However, the DGB
flux associated with the found DGB dipole reaches parity with that of the UHECR around EUHECR� 1 EeV,
perhaps arguing for a non-cascading mechanism if the DGB dipole were to come from the higher-energy
UHECRs. The signal-to-noise ratio of the DGB dipole is largest in the 5–30 GeV range, possibly suggesting
the γ-photons at these energies are the ones related to cosmic rays.

Unified Astronomy Thesaurus concepts: High-energy cosmic radiation (731); Ultra-high-energy cosmic
radiation (1733)

1. Introduction

The energy spectrum of the diffuse γ-ray background (DGB) is
known accurately from Fermi Large Area Telescope (LAT) meas-
urements: /F E dN dE 4 10 GeV cm s srE

DGB
2 7

GeV
2 1 1º = ´

g- - - - -( )
at 0.1E(GeV) 100 with γ; 0.35 (Ackermann et al.
2012b, 2015). The power of its angular anisotropies have
been measured to be flat (white noise) at C Fℓ DGB

2 
8 9 10 6´ -( – ) sr out to θ∼ 7° (ℓ> 50; Ackermann et al.
2012a, 2018). The DGB dipole has not yet been measured
although it would carry important cosmological information arising
from one of the following three origins: (1) The Compton–Getting
(Compton & Getting 1935) effect from the Sun’s motion generates
an amplified dipole over that of the cosmic microwave back-
ground (CMB), assuming the latter is entirely kinematic at
VCMB= 370 km s −1 (Kogut et al. 1993). Since E dN dE2- is
Lorentz invariant (Peebles & Wilkinson 1968), the dimensionless
kinematic DGB dipole would be 4 V

cDGB g= + ( )
/V V0.56% CMB( ), an amplification that is comparable (Maoz 1994)

to that for cosmic rays (CRs; Kachelrieß & Serpico 2006) and the
cosmic infrared background (CIB; Kashlinsky 2005a; Kashlinsky
& Atrio-Barandela 2022). (2) The clustering (measured to have
white noise angular spectrum) component dipole from the
unresolved DGB sources would be C F 0.25%ℓ DGB  using

measurements from Ackermann et al. (2012b, 2018) and also here.
(3) The Fermi-LAT photons may trace other cosmic structures,
such as those implied by the UHECR Pierre Auger dipole of
;(6.5–7)%FDGB (Pierre Auger Collaboration et al. 2017; Aab
et al. 2020a).
In proper interpretation, the DGB dipole must be described

not only with amplitude but also with its direction. Here,
however, fine measurements at high signal-to-noise ratio (S/N)
are required since the directional uncertainty in the limit of
S/N> 1 is 2 S N 1DQ -( ) rad (Fixsen & Kash-
linsky 2011), and only CMB dipole, probed at S/N> 200
(Kogut et al. 1993; Fixsen et al. 1994), currently allows high-
precision directional determination.
We present the first measurement of the source-subtracted

flux dipole over [3–100]GeV using Fermi 13 yr data. We
assemble the UltraClean Fermi data set using HEALPix with
Nside= 128 (Górski et al. 2005) from the 13 yr all-sky
observations at narrow energy bands. After removing known
sources, each E-map is cleaned of the ecliptic plane, the
Galactic plane, and remaining Galactic and extragalactic
sources, structured foregrounds, and noise excursions via a
standard iterative procedure used in CIB work (see, e.g.,
reviews by Kashlinsky 2005a; Kashlinsky et al. 2018). Then,
possible remaining Galaxy emissions are further removed with
progressive Galactic cuts in (lGal, bGal). The clipped, narrow E-
maps were assembled into broad bands of increasing upper
energy and the residual map dipoles evaluated for each
situation. We find a robust remaining source-subtracted dipole
that is highly statistically significant and independent of further
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CMB dipole – the gold standard of measurements

• dT/T = 1.23x10-3

• Toward

• Velocity VCMB = 370 km/sec at S/N>200
•  
• Is it fully kinematic though?

• Most people would say “yes”

• But contrary evidence exists

• This has important implications

A&A proofs: manuscript no. Euclid-CIBdipole

2 µm. We isolate the systematic and other uncertainties and present methodologies to minimize them, after confining the sample to the magnitude
range with negligible IGL/CIB dipole from galaxy clustering. These include the required star–galaxy separation, accounting for the extinction
correction dipole using the method newly developed here achieving total separation, accounting for the Earth’s orbital motion and other systematic
e↵ects. Finally, we apply the developed methodology to the simulated Euclid galaxy catalogs testing successfully the upcoming applications. With
the presented techniques one would indeed measure the IGL/CIB dipole from Euclid’s Wide Survey with high precision probing the non-kinematic
CMB dipole.

Key words. Cosmology: cosmic background radiation, Infrared: di↵use background, Cosmology: inflation, Cosmology: large-scale structure of
Universe, Cosmology: observations, Cosmology: early Universe
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1. Motivation

The cosmic microwave background (CMB) dipole is the old-
est known CMB anisotropy of �TCMB = 3.35 mK, or35
�TCMB/TCMB = 1.23 ⇥ 10�3, measured with the unprecedented
precision of a signal-to-noise ratio of S/N & 200 (Kogut et al.
1993; Fixsen et al. 1994). It is conventionally interpreted as be-
ing entirely of kinematic origin due to the Solar System mov-
ing at velocity VCMB = 370 km s�1 in the Galactic direction of40
(l, b)CMB = (263�.85 ± 0�.1, 48�.25 ± 0�.04).

The fully kinematic origin of the CMB dipole is further mo-
tivated theoretically by the fact that any curvature perturbations
? e-mail: Alexander.Kashlinsky@nasa.gov

on superhorizon scales leave zero dipole because the density gra-
dient associated with them is exactly cancelled by that from their 45
gravitational potential (Turner 1991). However, already prior to
the development of inflationary cosmology there were sugges-
tions that the CMB dipole may be, even if in part, primordial
(King & Ellis 1973; Matzner 1980). Within the inflationary cos-
mology, which posits the non-Friedmann–Lemaitre–Robertson– 50
Walker (FLRW) metric on su�ciently large scales due to the
primeval (preinflationary) structure of space-time (Turner 1991;
Grishchuk 1992; Kashlinsky et al. 1994; Das et al. 2021), such
possibility can arise from isocurvature perturbations induced
by the latter (Turner 1991) and/or from entanglement of our 55
Universe with other superhorizon domains of the Multiverse
(Mersini-Houghton & Holman 2009). Hence, establishing the
nature of the CMB dipole is a problem of fundamental impor-
tance in cosmology.

Despite the overwhelming preference of the kinematic CMB 60
dipole interpretation, there have been longstanding observa-
tional claims to the contrary (Gunn 1988). Comparing the grav-
ity dipole with peculiar velocity measurements (Villumsen &
Strauss 1987) indicates an o↵set (Gunn 1988; Erdoǧdu et al.
2006; Kocevski & Ebeling 2006; Lavaux et al. 2010; Wiltshire 65
et al. 2013) broadly buttressed by other peculiar velocity data
(Mathewson et al. 1992; Lauer & Postman 1992; Ma et al. 2011;
Colin et al. 2019). There appears a “dark flow” of galaxy clusters
in the analysis of the cumulative kinematic Sunyaev–Zeldovich
e↵ect extending to at least ⇠1 Gpc in both WMAP and Planck 70
data (Kashlinsky et al. 2008, 2009; Atrio-Barandela et al. 2010;
Kashlinsky et al. 2010, 2012a; Atrio-Barandela 2013; Atrio-
Barandela et al. 2015), which is generally consistent with the
radio (Nodland & Ralston 1997; Jain & Ralston 1999; Singal
2011) and WISE (Secrest et al. 2021) source count dipoles and 75
the anisotropy in X-ray scaling relations (Migkas et al. 2020).
See reviews by Kashlinsky et al. (2012b); Aluri et al. (2023). All
of these assertions have achieved only a limited significance of
S/N ⇠ 3–5, with the subsequently significant directional uncer-
tainty, and are debated. 80

It is important to establish observationally the fully kine-
matic nature of the CMB dipole and whether the homogeneity
in the Universe as reflected in the FLRW metric models is ade-
quate to describe what we observe. Since any curvature perturba-
tions must have zero dipole at last scattering such probe would be 85
fundamental to cosmology with the non-kinematic CMB dipole
component potentially providing a probe of the primordial pre-
inflationary structure of spacetime. To this end a technique has
been proposed recently by Kashlinsky & Atrio-Barandela (2022)
to be applied to the Euclid Wide Survey to probe the dipole of 90
the resolved part of the CIB, the IGL, at an overwhelming S/N
thereby settling the issue of the origin of the CMB dipole.

Here we develop the detailed methodology for this exper-
iment we call NIRBADE (Near IR BAckground Dipole Ex-
periment) dedicated to measuring, at high S/N, the (amplified) 95
CIB dipole from the Euclid Wide Survey. In Sect. 2 we discuss
the di↵erent physics governing CMB and CIB dipoles, pointing
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Previous probes of CIB dipole’s kinematic nature

• Velocity field vs gravity – Villumsen&Strauss(1987),Gunn(1988),Erdogdu+(2006),..
• Radio counts’ dipole – Nodland&Ralston(1997),Jain&Ralston(1999)
• Dark flow – Kashlinsky+(2008),(2009),(2010),(2011),Atrio-Barandela+(2010),(2014)
• Peculiar velocity probes – Mathewson+(1991),Lauer&Postman(1994)
• WISE QSO dipole – Secrest+(2021)
• Anisotropy in X-ray cluster scaling relations – Migkas+(2020)

• See reviews – Kashlinsky+(2012), Kumar-Aluri+(2023)

• Problem: for S/N~4–6 probe the directional uncertainty ΔΘ is large

2

I. INTRODUCTION

The energy-spectrum of the extragalactic gamma-ray background (EGB) is now known accu-
rately at energies 0.1<

∼E(Gev)<
∼ 100 from Fermi-LAT measurements to be FEGB ≡ E2dN/dE =

4×10−7
(

E
Gev

)

−γ
Gev/cm2/s/sr with γ ≃ 0.35 [1, 2]. The power of its angular anisotropies have been

likewise measured to be flat (white-noise) at Cℓ/F 2
EGB ≃ (8−9)×10−6sr out to angular scales θ ∼ 7◦

(ℓ > 50) [3, 4]. The EGB dipole has not yet been measured although that quantity would carry im-
portant cosmological information arising from one of the following three origins: (1) The Compton-
Getting [5] effect due to Sun’s motion would generate an amplified dipole over that of the CMB,
assuming the latter is entirely kinematic at VCMB = 370km/s [6]. Since E−2dN/dE is Lorentz in-
variant [7] the dimensionless kinematic EGB dipole would be DEGB = (4+γ)Vc ≃ 0.56%(V/VCMB),
an amplification which is comparable [8] to that for cosmic rays (CR) [9] and the cosmic infrared
background [10, 11]. (2) The clustering (measured to have white noise angular spectrum) compo-
nent dipole from the unresolved EGB sources would be ≃

√
Cℓ/FEGB ≃ 0.25% using measurements

from [1, 4] and also here. (3) The Fermi-LAT photons may trace trace other cosmic structures,
such as implied by the UHECR Pierre-Auger dipole of ≃ (6.5 − 7)%FEGB [12, 13].

In proper interpretation of its nature the EGB dipole must be described not only with amplitude,
but also with its direction. Here, however, fine measurements at high signal/noise S/N are required
since the directional uncertainty in the limit of S/N > 1 is ∆Θ ≃

√
2(S/N)−1rad [14] and only

CMB dipole, probed at S/N >
∼ 200 [6, 15], currently allows high-precision directional determination.

Here we present the first measurement of the source-subtracted EGB dipole over [3–100]GeV
using Fermi 13 year data. We assemble the UltraClean Fermi dataset using HEALPix with
Nside = 128 [16] from the 13-year all-sky observations at narrow energy bands. After remov-
ing known sources, each E-map is cleaned of the Galactic plane, and remaining Galactic and
extragalactic sources, structured foregrounds and noise excursions via a standard iterative proce-
dure used in cosmic infrared background (CIB) work [reviewed in 10, 17]. Then possible remaining
Galaxy emissions are further removed with progressive Galactic cuts in (lGal, bGal), the narrow E-
maps assembled into broad bands of increasing upper energy and the residual map dipole evaluated
for each situation. We find a robust remaining source-subtracted dipole which is highly statisti-
cally significant and independent of further Galaxy and source removal, which we thus assign to
EGB. The relative amplitude of the EGB dipole is (6–7)%, which is much higher than could come
from the EGB source clustering component and also higher than any kinematic Compton-Getting
component, unless the local velocity is V >

∼
3, 000 km/sec. However, the relative EGB dipole am-

plitude coincides with that of the UHECR dipole from Pierre Auger Observatory [12, 13] which
we interpret as indicative of a common origin of the [3–100]GeV photons here and the UHECR at
E >

∼
1 EeV.

II. FERMI-LAT DATA AND PROCESSING

The Fermi Large Area Telescope (LAT) is a pair-conversion telescope covering the nominal
[0.1 − 1000] GeV energy range. It is operated as a sky-survey instrument, having both a wide
field of view, ∼ 2 sr and large effective area: ∼ 0.7m2 for ∼ 1 GeV photons at near normal
incidence. The telescope is comprised of a 4×4 assembly of modules, that each consist of a tracker
and calorimeter to record information needed to reconstruct photon direction and energy. The
instrument is enclosed by an active anticoincidence system that allows the onboard electronics to
reject charged particle events. A detailed description of the instrument is given in [18].

We selected data taken at the start of scientific operations and continuing through the end
of mission Cycle 13, specifically, all the weekly photon files 08/31/2008–09/01/2022. We used
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CMB dipole and preinflationary remnants
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where here we have expanded the density field in a
Fourier integral, 5p(r, t)lp= fd k 5k(t)e ' '/(2n. ) .
Note that the time-independent quantity R H 5k(t)lk
is equal to its value at horizon crossing, so that the con-
tributions of the various subhorizon-sized modes to the
CMBR temperature fluctuation are of order (bp/p)h„.
For a realistic model of infiation (b,p/p)h„-10, and so
temperature Auctuations of a similar amplitude are pre-
dicted.
If we expand 5T/T in spherical harmonics,

5T(17I1)g()y(~)
T

and calculate the ensemble average of ~ai ~
over all ob-

servation positions r we obtain the standard result
4. 4

~') =f, ~5„~'j,(kx)'dk, (5)
2~k

where x =~x~=2Ho ', k =~k~, and j& is the sPherical
Bessel function of order I. This expression is valid for
I ~ 2, and the F& are the usual spherical harmonics, nor-
malized such that f I'I I'„'~d0=5~~5 ~

Suyerhorizon-sized modes

Now let us move on to the effects of the preinflationary
superhorizon-sized modes. The present wavelengths of
these modes are larger than the Hubb1e radius,
I. =ePHo ' &&Ho ', or put another way k/HoRo
=kHO ' =e «1. Because of this, the density pertur-
bation seen within our present horizon takes the appear-
ance of a linear density gradient in the direction k. One
might expect this density gradient to lead to a peculiar
velocity for all the rnatter within our horizon volume:
The Universe is "tilted" {in a gravitational sense), so
everything should slide from one side to the other.

5v ~ k=k
c Ho

5p
hor, L

Since this peculiar velocity is uniform across our Hubble
volume the question arises as to how one might infer its
existence, or if indeed it has physical meaning. Since the
CMBR is used to define the loca1 frame of rest, a dipole
temperature anisotropy, of amplitude given by Eq. (6),
would be the physical manifestation. (In the previous
case, where we were dealing with subhorizon-scale pecu-
liar velocities, peculiar motions can be measured relative
to other, nearby galaxies. ) By use of the Sachs-Wolfe re-
sult, Eq. (3), we can compute 5T/T and look for a dipole
(l =1) term. For superhorizon-sized modes k.x is small,
and we expand the exp( i k—x) f.actor in (5plp):

Quadrupole anisotropy:
The Grishchuk-Zel'dovich e8'ect

The lowest-order, nonvanishing temperature anisotro-
py is O((k x) }and quadrupole in form:

5T(r;n) —(k.n) k
(21r) H R H

L

exp( i—k x) 1=—ik x—(k.x) /2!+
In evaluating Eq. (3) the lowest-order term cancels (as ex-
pected); however, the order kx term in the expansion of
the second term cancels exactly the gradient term (first
term). The dipole anisotropy associated unth the tilting of
the Universe is not observable because it is canceled by a
corresponding dipole anisotropy from the potential term (at
order kx). Said another way, in spite of the existence of
the density gradient associated with the superhorizon-
sized curvature perturbation, the spatial hypersurfaces
defined by the isotropy of the CMBR coincide with those
defined by the isotropy of the expansion.

+O(k'/H, ') . (7a)
A "tilted universe"7

Such a "tilting of the Universe" could provide an in-
teresting and unconventional explanation for the
pecu1iar-velocity field in our neighborhood: The
peculiar-velocity measurements for the local volume
(50h ' Mpc) made by the authors of Ref. [14] are con-
sistent with a uniform bulk fiow, relative to the CMBR,
of about 700 kms ' toward Hydra-Centaurus with a
smaller, incoherent "noise" component, of about 200
km s ' [15,16]. In the tilted universe interpretation the
uniform How would arise because of the linear density
gradient associated with the superhorizon-sized mode,
while the lesser noise component would be due to sma11-
scale density inhomogeneities. (Of course, these observa-
tions are also consistent with more conventional explana-
tions such as the existence of a "great attractor [17]," or
even just the gravitational effects of the inhomogeneous
distribution of galaxies within our 1ocal neighborhood
[18].)
The peculiar velocity that arises due to the "tilting of

the Universe" corresponds to the first term in Eq. (3):

Expanding 5T/Tin spherical harmonics, we find

—1 k k5k
a2 (r)=2m 15 2 H2 R 2H2, ™F2 (k);

k' k'5k
aoo(r) = I'oo(k);

6m Ho iR H

(7b)

(7c)

where we have used the addition theorem for spherical
harmonics to express (k n) in terms of F2 and I'oo.
Recall that k 5k(t)/R H is independent of time and is
equal to the (5k}h„. This means that the lowest-order
temperature anisotropy is 0 (k /Ho )-O((Ho '/I ) )
times the horizon-crossing amplitude of the density per-
turbation. By way of contrast, the temperature anisotro-
py that arises due to a subhorizon-sized mode is of the or-
der of the horizon-crossing amplitude, cf. Eq. (4).
Superhorizon-sized curvature modes can indeed affect the
isotropy of the CMBR, but their e8'ect is suppressed by a
factor of O((k/Ho) ). This was first pointed out by
Grishchuk and Zel'dovich [10].
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Tilted Universe and other remnants of the prein8ationary Universe
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If the inflationary epoch lasted only —10 e-foldings longer than required to solve the horizon problem,
observable "remnants" of the preinQationary Universe may exist. They include dipole and quadrupole
anisotropies of the cosmic microwave background radiation (CMBR). These "remnants" arise due to
prein6ationary fluctuations in scalar fields such as the inAaton, the axion, and the ilion, or due to
preinQationary density perturbations. The dipole anisotropy can lead to the illusion of a "tilted
universe": Viewed from the rest frame of the CMBR galaxies throughout the entire observable Universe
would have a uniform streaming velocity. A dipole CMBR anisotropy could provide a very unconven-
tional explanation for the large peculiar velocities measured for galaxies in our -50h Mpc neighbor-
hood. Among things very unlikely to be a "remnant" of inAation is a value of Q today that is
significantly difFerent from unity.

I. INTRODUCTIGN

InAation is very appealing because it makes the current
state of the Universe relatively insensitive to its initial
state and provides a "blueprint" (baryon asymmetry, den-
sity perturbations, total matter content) for the subse-
quent evolution of the Universe [1]. Inflation accom-
plishes the former by "inAating" a small, smooth patch of
the preinAationary Universe to a size that encompasses
all that we see today. To make this point more concrete,
consider the current size of a preinAationary Hubble-
sized patch:

dpatch
r0 H ) ~ M RH

I T 3g I

—:exp(N N;„)Ho '
',— (la)

where Hi="(/ gsrM /3m p& is the Hubble constant dur-
ing inflation, Ho =(10 h ' cm) ' is the present value of
the Hubble parameter, the Planck mass mp& =1.22X 10'
GeV, TRH is the temperature to which the Universe is
reheated after inAation, and M is the vacuum energy
that "drives" inflation. (In slow-rollover inflation the
inAationary era is usually followed by a matter-
dominated epoch, where the energy density is dominated
by the coherent oscillations of the inAaton 6eld, and then
by the usual radiation-dominated epoch; thus TRH &M .
In inAationary models where reheating takes place
through bubble nucleation and collisions, e.g., extended
inAation, there is no matter-dominated era just after
inflation and TRH =M.)
The value of the cosmic-scale factor R (t) is R„„,at

the beginning of inAation, R,„d at the end of inAation,
and Ro=1 today, and N—=ln(R, „d/R„„,) is the number
of e-foldings of the scale factor during inAation. If X
exceeds

N;„=53+2ln(M/10' GeV)/3
+ln(TRH/10' GeV)/3,

—1

n —1'" '

where Q=8m Gp„t/3H, and p„, includes all forms of en-
ergy density. The radius of curvature of the Universe to-
day is equal to that at the beginning of inAation times
R o /R „„,. Using this, the relationship between R,„,„and
Q, and Eq. (la), we can relate Qo to Q„„,:

/n, —1/=
H-'
0

dpatch
fn„.„—li

=exp( 2N;„—2N) / n«, «—1 [ . (lb)

The essence of Eq. (lb) is clear: Unless the size of the
smooth, preinAationary region is much larger than Hl
the amount of inAation required to solve the Aatness

then today the preinAationary patch is large enough to
encompass the current Hubble volume, thereby solving
the so-called "horizon problem [1]." (Note, we have tak-
en the smooth, preinAationary patch to be Hubble sized
because this is the largest size region that could have be-
come smooth due to causal physical processes; for more
discussion see the Appendix. )
A similar amount of growth in the cosmic-scale factor

is required to solve the "Aatness" problem: namely, the
fact that the value of Q today (:—Qo) is still of order uni-
ty, or equivalently, that the curvature radius is compara-
ble to the Hubble radius. The curvature radius of a
Friedmann-Robertson-Walker (FRW) model can be relat-
ed to either the three-curvature k or the ratio of the total
energy density to the critical density (:—Q):

3737 1991 The American Physical Society

Inflation does not, in 
general, makes the 
observed space-time 
uniform, homogeneous 
and isotropic. It rapidly  
expands the already 
such small patch to well 
beyond the current 
cosmological horizon.
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We study the microwave background anisotropy due to superhorizon-size perturbations in open

universes with negative spatial curvature. Using results on the low-order temperature rnultipole
moments from the Cosmic Background Explorer satellite, we find that if the homogeneity of the
observable Universe arises from an early epoch of inflation, the present density parameter cannot differ
from unity by more than the observed quadrupole anisotropy, il —Aoi ~ Q = 5 x 10 ", assuming
preinAationary density perturbations to be of order unity. With this assumption, inflation models with
low Ao either do not fit the microwave background observations or they do not solve the horizon
problem.

PACS numbers: 98.80.Cq, 98.70.Vc

The inflationary scenario for the very early Universe
has proven very attractive, because it can simultaneously
solve a number of cosmological puzzles, such as the
homogeneity of the Universe on scales exceeding the
particle horizon at early times, the flatness or entropy
problem, and the origin of density fluctuations for large-
scale structure [1]. In this scenario, the observed Universe
(roughly, the present Hubble volume) represents part of
a homogeneous inflated region embedded in an inhomo-
geneous space-time. On scales beyond the size of this
homogeneous patch, the initially inhomogeneous distribu-
tion of energy momentum that existed prior to inflation is
preserved, the scale of the inhomogeneities merely being
stretched by the expansion.
In its conventional form, inflation predicts a nearly

scale-invariant spectrum of density perturbations pro-
duced by the inflaton field, and that the Universe is ob-
servationally indistinguishable from being spatially flat
(K = 0). In the absence of a cosmological constant or
exotic forms of matter, this implies that the present mat-
ter density parameter Qo —= 8m Gp (to)/3Ho is very close
to unity. However, it is not clear that such an Einstein-
de Sitter universe jibes with astronomical observations.
As is well known, dynamical estimates of mass-to-light
ratios from galaxy rotation curves and cluster dynamics
[2] typically indicate Ao ——0.1—0.2. Similar conclusions
have recently been reached from the consistency of the
ROSAT observations of x-ray emission from the Coma
cluster and big bang nucleosynthesis constraints on the
baryon density As [3]. Determination of the density pa-
rameter using least-action tracing of the Local Group or-
bits back in time also points to a low value of &o [4].
Moreover, if Ao = 1 the age of the Universe is to =
(2/3H&) = 6.7 X 10 h ' yr (where the present Hubble
parameter is Ho ——100h km/sec Mpc). This is less than
globular cluster age estimates of tg, = (13—18) X 10 yr

if h ~ 0.5, and a number of extragalactic distance indica-
tors suggest h = 0.8. A large age is also indicated by the
colors of stellar populations of galaxies at high redshift,
= = 4 [5]. The presence of galaxies and perhaps even
protoclusters at z ~ 3.5 is also easier to explain in a low-
density universe, where structures should have collapsed
by - = Ao ' —1 [6]. On larger scales, the situation is
still uncertain: several analyses of large-scale peculiar mo-
tions suggest higher values of Bo, consistent with unity
[7], while other methods are consistent with low values
of fop [8].
In sum, the current observational status of 00 is at

best inconclusive, with much of the data pointing to a
low-density universe. In the context of inflation, the
simplest way to accomodate 00 & 1 is to incorporate
a cosmological constant A = 3HOA, q, retaining spatial
flatness by imposing Ao + 0,& = l. However, studies
of observed gravitational lens statistics suggest the bound
fi,z ~ 0.7 [9], marginally disfavoring the spatially flat,
low-0, 0 model. The other logical possibility is an open,
negatively curved universe, and various suggestions have
been made to try to accommodate such a low-density
universe within inflation [10,11]. While the models differ
in the mechanisms that drive inflation, their common
feature is that the homogeneous patch that encompasses
the currently observable Universe was inflated by just
the right number of e-foldings to ensure that 1 —Ao ——

1; generally, this implies that the present size Lo of
the inflated patch is comparable to the current Hubble
distance, Ho '.
Points separated by distances larger than the scale of

the inflated homogeneous patch have never been in causal
contact, and one thus expects large preinflation density
fluctuations, (Bp/p)L —1, on scales L ~ Lo. However,
if the size of the homogeneous region is close to the
present Hubble radius, such nonlinear inhomogeneities on
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large scales will induce significant microwave background
anisotropy via the Grischuk-Zel'dovich (GZ) effect [12].
In order of magnitude, the quadrupole anisotropy in-
duced by superhorizon-size fluctuations of lengthscale L
is Qt ——(Bp/p)t (LHp) T.he Cosmic Background Ex-
plorer (COBE) Differential Microwave Radiometers have
measured a quadrupole anisotropy of QcoaE = (4.8 ~
1.5) x 10 6 from the first year of data and QcoaE
(2.2 ~ 1.1) X 10 6 from the first two years of data [13].
Consequently, assuming order-unity density fluctuations
on scales L ~ Lo, the size of the inflated patch must
be significantly larger than the present Hubble radius,
Lp ) 500Hp [14,15]. Cosmic variance can cause the
real quadrupole to differ from that observed by a factor
that depends on the spectrum of perturbations (-2 for a
Harrison-Zel'dovich spectrum), but this does not alter our
results appreciably. The GZ estimate above applies to
a spatially flat (0 = 1) universe; below, we compute the
GZ effect for the open case and we find that this constraint
on Lo generally becomes even tighter when 00 ( 1. If
the Universe began from inhomogeneous initial condi-
tions, the comoving size of the quasihomogeneous patch
that encompasses our observable Universe must extend to
at least 500—2000 times the present Hubble radius. Thus,
the required large size of the inflated patch is very im-
probable in low-0 inflationary models.
To relate the size of the inflated patch to the local value

of Ap, we write the Friedmann equation as —K = [1—
Q(t)]H2(t)a2(t), where a(t) is the global expansion fac-
tor and K = +1,—1, or 0 is the spatial curvature constant.
Note that the global topology of the inflationary universe
could be quite complex, with, e.g., locally Friedmann uni-
verses of both positive and negative spatial curvature con-
nected by wormhole throats. We will focus on the open,
negatively curved (K = —1) model, since it is the open
model that attracts attention as an alternative to the fIat
universe on observational grounds. Thus, we can relate
the present scale Lp of the homogeneous patch to its size
L, at the start of inflation, (1 —Qp)HpLp = (H, L,)(1—
0,), where the subscript s denotes quantitites at the on-
set of inflation (first inflationary stage in double inflation
models). By the onset of inflation, we expect that causal
microphysical processes could have smoothed out initial
inhomogeneities only on scales up to the Hubble radius, so
that H, L, —1. This is also a sufficient condition for spa-
tial gradients to be subdominant compared to the vacuum
energy density driving accelerated expansion [16]. Infla-
tion was proposed in part to allow 1 —0, —1 as an ini-
tial condition, but in any case 1 —0, ~ 1. Consequently,
we expect the present size of the homogeneous patch to
satisfy Lp Hp /(1 —Ap) =—R2„; i.e., the present size
of the inflated patch is at most comparable to the present
curvature radius R,„„. If 1 —Ao « 1, the universe is
nearly spatially flat, and the present curvature radius is
much larger than the Hubble radius. On the other hand, if
1 —Ao ——1, then R,„—Ho, implying Lo ~ Ho, and
in particular Lo « 500HO . This simple argument shows

8I(k) = X„(vip +is)
F(gi.)

dF+ 2 X,'(q, —q)dq,d'g (3)
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that the GZ effect is only naturally suppressed in the limit
Ao 1, and that the required large size of the homoge-
neous domain of our observable Universe implied by the
microwave background measurements is difficult to pro-
duce in Ao « 1 inflationary models. However, as noted
above, the effect of spatial curvature on the GZ anisotropy
can be significant, and this calculation must be done self-
consistently in an open universe.
Large-angle microwave background anisotropies in an

open universe have been studied by a number of authors
[11,17]. However, previous works considered only the
(small) fluctuations generated by inflation itself (cf. [11]).
In this work we consider the effects of large preinflation
density fluctuations.
We write the background metric of the open universe

in the form ds = a (71)[d71 —dX —sinh (X)(d8 +
sin2 8d@2)], where g = f dt/a(t) is conformal time, and
g is the comoving radial distance in units of the curvature
scale (i.e., the physical distance X~h„, = R,„X). For
the matter-dominated universe, the scale factor is given
by a(g) = a (cosh g —1), where a is a constant and
g = 0 corresponds to the initial singularity. At a given
conformal time, the density parameter is given by A(g) =
2(cosh 71 —1)/sinh2 71. Thus, at early times, g « 1, the
universe is effectively flat, Q(g « 1) = 1, and at late
times, g ~ 1, it is curvature dominated.
To describe the propagation of waves in curved

space, we expand them in terms of eigenfunctions of
the Helmholtz equation (V2 + k2 + 1)fk(X, 8, @) = 0,
where V is the Laplace operator on the three-surface
of constant negative curvature. The solutions are of
the form Xi(k;X)Yi (8, p), where Yp are the spherical
harmonics and the radial eigenfunctions are

k + 1 '/ d'+' coskX((k;X) = (—1)'+', sinh' . (1)
N, '(k) d(«sh X)'+'

Here NI = k (k + 1).. . (k2 + l2). The normalization is
chosen such that in the limit 0 1 the radial eigenfunc-
tions become spherical Bessel functions. For a pertur-
bation of comoving wavelength A, the comoving wave
number k = 2m. /A = k~h„,R,„.Using this relation and
the Friedmann equation, the comoving wave number cor-
responding to the size of the inflated patch is ko =
R,„,„/Lp = I/L, H, Q1 —0, ~ l.
Similarly, the microwave background temperature

can be expanded in spherical harmonics on the sky,
BT/T = gal YI (8, @), and the multipole moments of
the anisotropy are then given by the Sachs-Wolfe relation

(la&I ) = —f I@a(g = o)1 18'(k)l z fdk(2),
where
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This note presents an exact theory for the anisotropy of the primeval fireball as a function of our motion
through the radiation.

A N important application of the primeval fireball is
that one should be able to detect our motion

relative to this sea of blackbody radiation. In the
Princeton isotropy experiment' an upper limit to this
velocity was obtained using the fact that, in first order,
the fractional perturbation to the radiation temperature
in a given direction ought to be equal to the component
of our velocity in that direction, divided by the velocity
of light. Apparently this eGect is not well understood.
Recently Condon and Harwit' derived a formula for the
front-back asymmetry in the radiation Aux. An erratum'
corrects an error (due to neglect of aberration on the
detector solid angle) which gave the wrong sign and
magnitude at the wavelength of the Princeton experi-
ment. Our purpose in this note is to present the full
derivation of this very important effect, taking account
of all angles of detector orientation, and all orders in
p/c. The result is simply a variation of the blackbody
radiation temperature with orientation and velocity.
Consider two observers immersed in the blackbody

radiation: 0 is at rest relative to the radiation, and he
sees strictly isotropic blackbody radiation, and 0' is
moving with speed e along the X axis of 0. The moving
observer carries with him a detector with collecting
area 2', with its normal at angle 0' to the axis. The
detector responds to radiation incident normal to its
surface within the solid angle dQ', and in the bandwidth
dv'. We introduce the area As=A'/~ cos8'~, perpendicu-
lar to v, and through which the photons have passed to
get to A'. This is convenient because Ao has the same
magnitude and orientation in both frames of reference.
I.et Is'(v', 8') be the photon density measured in units

of photons cm ' sr ' Hz ' as seen by observer O'. Then
in time dt' observer 0' finds that his detector reponds to

dX=tI'( 8')vd dQ vAp~ cos8
~

cdt' (1)
~ This research was supported in part by the National Science

Foundation and by the OfFice of Naval Research of the U. S.Navy.
f Alfred P. Sloan Fellow.' R. B. Partridge and David T. Wilkinson, Phys. Rev. Letters

18, 577 (1967);Nature 215, 719 (1967).' J. J. london and M. Harwit, Phys. Rev. Letters 20, 1309
(1968); 21, 58(E) (1968).

v'= vL1+ (v/p) cos81L1—(II/c)P5 ~

Using Eqs. (1)—(6), we have
IS'(v', 8') =e(v) (v'/v)'.

(6)

(7)

We express this result in terms of the effective
thermodynamic temperature V"' by means of the Planck
formula,

n.'(v', 8') = 2v"c-PLexp(hv'/k E')—1j '.
It is evident from Eqs. (6)—(8) that

9"'(8')= W(1 p'/c')"'P—1 (p/c) co—s8'j ', (9)

where V" is the temperature of the radiation in the frame
0. The Lorentz transformation thus changes the radia-
tion temperature; but the observer 0' looking in the
fixed direction 0' still would map out a blackbody
spectrum. Evidently, at any wavelength of observation
the temperature 7' is greatest in the direction of ~, so
the detected power is greatest in the direction of m.

Equation (7) is a special relativity effect, but the
general Liouville theorem4 also applies here, and gives
the same answer.
To 6rst order in p/c, a moving radiometer pointed at

direction 8 relative to e measures blackbody radiation of
temperature KL1+(p/c) cos8j. This is the formula used
in the Princeton isotropy experiment. '

' J. L. Synge, Relativity: The SPecial Theory (Interscience
Publishers, Inc., New York, 1956), p. 146.' R. W. Lindquist, Ann. Phys. (N. Y.) 37, 487 (1966); K. S.
Thorne, Astrophys. J. 148, 51 (1967).

photons. In the same interval, observer 0 sees the same
number of counts, but expresses it as

de, = Is(v)dvdQA p ~
p+c cos8~ df (2)

where Ap~ p+c cos8~ df is the volume swept out by the
dX photons.
The quantities needed to relate m'(v', 8') and m(v)

transform as follows':

(1 p'/c')'~'

cos8'= (cos8+ /pc)(1+ (p/c) cos8$ ', (4)
dQ'= dq'd cos8'= dQ(1—p'/c')Ll+ (p/c) cos8j ', (5)

See eq. 7 in this 1-page paper
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The Compton-Getting (1935) effect – cnt’d

Cosmic backgrounds have intensity Iν:

𝐼!  ∝ 𝜈	𝑛 𝜈  –  hence:   𝐼!/𝜈"is Lorentz-invariant

Thus:     𝐼!/𝜈" = 𝐼!!/𝜈#
"

With:     𝜈 = 𝜈#(1 +
$
%
cosΘ)√[1 − $

%

&
]

Which for  V<<c  leads to the dipole in 𝐼!	:

                                                             with
    
Where αν<2 the dipole is amplified over that of the CMB

L12 A. Kashlinsky and F. Atrio-Barandela 

MNRASL 515, L11–L16 (2022) 

1968 ): 
d ν = (3 − αν, ∞ ) V 

c Ī ν, (1) 
where αν, ∞ = ∂ ln I ν / ∂ ln ν and the subscript ∞ indicates I ν achieved 
by inte grating o v er the entire range of flux es/magnitudes of the 
sources contributing to the given band. Equation ( 1 ) follows, since the 
Lorentz transformation leaves I ν / ν3 invariant (Peebles & Wilkinson 
1968 ). If the CMB traces the Universe’s rest-frame, V = V CMB 
for any CB. Various wavelength CBs exhibit αν, ∞ < 2, such that 
their dipole amplitude gets amplified compared to the CMB dipole, 
if purely kinematic: such wavelengths include X-rays (Fabian & 
Warwick 1979 ), radio (Ellis & Baldwin 1984 ; Itoh, Yahata & Takada 
2010 ), and submillimetre (Kashlinsky 2005 ; Fixsen & Kashlinsky 
2011 ). An all-sky CB dipole measured with signal-to-noise ratio 
S / N will have its direction probed with a directional accuracy of 
$% dipole ≃ √ 

2 ( S/N ) −1 radians (Fixsen & Kashlinsky 2011 ). 
The near-IR CIB has the well-defined αν, ∞ ≪ 2 from < 1 µm 

to ≃ 4 µm, and, with enough sky, its (amplified) dipole can be 
probed to resolve deviations from the CMB dipole in amplitude 
and direction, provided that contributions from diffuse Galactic 
(cirrus) and Solar System (zodi) foregrounds and galaxy clustering 
are negligible. In this Letter, we demonstrate that the foreground 
contributions dominate the cosmological dipole for the net near-IR 
CIB and propose a method to eliminate them with the integrated 
galaxy light (IGL) part of the CIB by using resolved galaxies. This 
technique is applicable to any sufficiently wide-field sk y surv e y in 
which individual galaxies can be identified and which goes deep 
enough to minimize the dipole due to large-scale structure. Such 
configurations may be available with the CIB from the forthcoming 
space missions Roman (Spergel et al. 2015 ) and Euclid (Laureijs 
et al. 2011 ), which has an ongoing near-IR CIB programme (LIBRAE 
2013 ; Kashlinsky et al. 2018 ). We then identify the CIB configuration 
for a highly precise measurement of the CIB dipole in these surv e ys 
to resolve the kinematic nature of the long-known CMB dipole and 
discuss the various other components of the proposed measurement 
and how the near-IR CIB dipole is distinguished spectrally from any 
remaining foreground contribution. 
2  N E T  NEAR-IR  C I B  DIPOL E  VER S U S  
F O R E G RO U N D S  
The net CIB is made up of the unresolved CIB and the part due to 
resolved galaxies. Fig. 1 (a) shows I ν integrated over known galaxies 
from counts data; its contribution peaks at m AB ∼20 (fig. 1 in 
Kashlinsky et al. 2019 , and below). The red line shows the fit using 
observed galaxy spectra (Windhorst et al. 2011 ; Driver et al. 2016 ). 
Yello w-filled regions sho w the empirical CIB reconstruction from 
multi-epoch, multi-wavelength known galaxy luminosity function 
data (Helgason et al. 2012 , hereafter HRK). Black lines show the 
HRK-reconstructed background (‘default’, the optimal value); the 
yellow shaded region marks the high-faint-end (HFE) and low-faint- 
end (LFE) limits of the observed luminosity function data used by 
HRK. The contribution from new sources implied by the source- 
subtracted CIB fluctuations unco v ered in Spitzer measurements 
(Kashlinsky et al. 2005 , 2007b , 2012b ) contributes little to the o v erall 
mean CIB (Kashlinsky et al. 2007a ) and will not enter the final 
configuration proposed below (see the re vie w by Kashlinsky et al. 
2018 ). The Y , J , H , and K bands displayed here approximate the 
bands available on Euclid and Roman . 

Fig. 1 (b) shows the expected CIB dipole, assuming (1) the entire 
CMB dipole is of kinematic origin, and (2) no excess in CIB levels 

abo v e that from known galaxies (Kashlinsky et al. 2018 ). If the 
CMB traces the Universe’s rest-frame, the CIB dipole should point 
in the CMB dipole direction and have the corresponding amplitude 
(equation 1 ). 

Fig. 1 (c) compares the relative CB dipole in the near-IR bands with 
the results of previous probes. In the near-IR bands, the CB dipole 
should be amplified o v er that of the CMB to ( d ν / I ν) ≃ (3.1–5.5) D CMB 
≃ (4–7) × 10 −3 . The higher amplification, coupled with the wide sky 
co v erage, will result in a high-precision CIB dipole measurement if 
foregrounds can be eliminated, as discussed below. 

Fig. 2 shows the CIB build-up in the near-IR bands. The HRK- 
reconstructed CIB fits the observed data well; we use the reconstruc- 
tion for estimates below, but when data from the new forthcoming 
missions become available, they will be used directly in the analysis. 

The Solar System and Galaxy foregrounds present obstacles to 
probing the kinematic dipole nature using the net near-IR CIB. Based 
on examination of compiled zodiacal light observations (Leinert et al. 
1998 ) and Diffuse Infrared Background Experiment (DIRBE) 100- 
µm images (Hauser et al. 1998 ), we estimate uncorrected near-IR 
dipoles in Fig. 3 (a) for observations constrained to solar elongations 
near 90 ◦ (as is common for space-based observations). The apparent 
dipole on a given date is d Zodi ∼ 0.11 MJy sr −1 at 1.25 µm. Since the 
direction of this dipole varies annually, av eraging o v er one or more 
years reduces its net amplitude by ∼10 times. Even if the zodical 
light is modelled/subtracted with 1 per cent accuracy, the residual 
dipole interferes with the CIB dipole. The cirrus dipole was estimated 
by simultaneous fitting for the monopole + dipole + quadrupole 
map components, with several increasingly severe masks defined 
by brightness and Galactic and ecliptic latitude. The minimum 
dipole amplitude is ∼0.1 MJy sr −1 at 100 µm (similar to Fixsen & 
Kashlinsky 2011 ). The dipole is oriented toward the Galactic Centre, 
even in the heavily masked cases. We scale the 100- µm interstellar 
medium (ISM) dipole amplitude to shorter wavelengths using the 
ISM colours from Arendt et al. ( 1998 ) and Sano et al. ( 2016 ). This 
yields a 1.25- µm ISM/cirrus dipole of 2 × 10 −4 MJy sr −1 , ∼10 times 
greater than the expected CIB dipole. To measure the CIB dipole 
would require subtracting the ISM model with subpercent accuracy. 
Ho we ver, measurements of ISM colours typically sho w v ariations of 
factors of a few at different sky locations. Thus, while a simple scaling 
of the far-IR ISM emission can be used to estimate the near-IR ISM 
dipole amplitude, it is unlikely to be sufficient here, so foregrounds 
present a substantial problem for probing the dipole of the net CIB . 
This problem can be resolved with the method proposed next. 
3  I G L  DI POLE  F RO M  SPACE-BORNE  W I D E  
SURVEYS  
To o v ercome the obstacles from fore ground dipoles, we use the 
all-sky part of the CIB, known as IGL (integrated galaxy light), 
reconstructed from resolved galaxies in a space-borne wide surv e y: 
I ν( l, b) = S 0 ∫ m 1 

m 0 10 −0 . 4 m [d N ν
d m 

]
d m, (2) 

where S 0 = 3.631 × 10 −3 MJy, with m 0 suitably selected to remo v e 
the galaxy clustering dipole and m 1 imposed by the wide surv e y 
sensitivity limits. Here we want to measure the dipole in the flux, 
not the number counts. For the dipole measurement, the IGL will be 
constructed from the surv e y by adding flux es from galaxies within 
the magnitude limit o v er each field of view (FOV) centred at ( l , b ) 
with > 10 5 galaxies deg −2 at 20 < m AB < 24 (e.g. Windhorst et al. 
2011 ; Driver et al. 2016 ); it has similar spectral dependence to the 
CIB in Fig. 1 . To measure the CIB dipole in the near-IR bands with 
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1968 ): 
d ν = (3 − αν, ∞ ) V 

c Ī ν, (1) 
where αν, ∞ = ∂ ln I ν / ∂ ln ν and the subscript ∞ indicates I ν achieved 
by inte grating o v er the entire range of flux es/magnitudes of the 
sources contributing to the given band. Equation ( 1 ) follows, since the 
Lorentz transformation leaves I ν / ν3 invariant (Peebles & Wilkinson 
1968 ). If the CMB traces the Universe’s rest-frame, V = V CMB 
for any CB. Various wavelength CBs exhibit αν, ∞ < 2, such that 
their dipole amplitude gets amplified compared to the CMB dipole, 
if purely kinematic: such wavelengths include X-rays (Fabian & 
Warwick 1979 ), radio (Ellis & Baldwin 1984 ; Itoh, Yahata & Takada 
2010 ), and submillimetre (Kashlinsky 2005 ; Fixsen & Kashlinsky 
2011 ). An all-sky CB dipole measured with signal-to-noise ratio 
S / N will have its direction probed with a directional accuracy of 
$% dipole ≃ √ 

2 ( S/N ) −1 radians (Fixsen & Kashlinsky 2011 ). 
The near-IR CIB has the well-defined αν, ∞ ≪ 2 from < 1 µm 

to ≃ 4 µm, and, with enough sky, its (amplified) dipole can be 
probed to resolve deviations from the CMB dipole in amplitude 
and direction, provided that contributions from diffuse Galactic 
(cirrus) and Solar System (zodi) foregrounds and galaxy clustering 
are negligible. In this Letter, we demonstrate that the foreground 
contributions dominate the cosmological dipole for the net near-IR 
CIB and propose a method to eliminate them with the integrated 
galaxy light (IGL) part of the CIB by using resolved galaxies. This 
technique is applicable to any sufficiently wide-field sk y surv e y in 
which individual galaxies can be identified and which goes deep 
enough to minimize the dipole due to large-scale structure. Such 
configurations may be available with the CIB from the forthcoming 
space missions Roman (Spergel et al. 2015 ) and Euclid (Laureijs 
et al. 2011 ), which has an ongoing near-IR CIB programme (LIBRAE 
2013 ; Kashlinsky et al. 2018 ). We then identify the CIB configuration 
for a highly precise measurement of the CIB dipole in these surv e ys 
to resolve the kinematic nature of the long-known CMB dipole and 
discuss the various other components of the proposed measurement 
and how the near-IR CIB dipole is distinguished spectrally from any 
remaining foreground contribution. 
2  N E T  NEA R-I R  C I B  DI PO L E  VER S U S  
F O R E G RO U N D S  
The net CIB is made up of the unresolved CIB and the part due to 
resolved galaxies. Fig. 1 (a) shows I ν integrated over known galaxies 
from counts data; its contribution peaks at m AB ∼20 (fig. 1 in 
Kashlinsky et al. 2019 , and below). The red line shows the fit using 
observed galaxy spectra (Windhorst et al. 2011 ; Driver et al. 2016 ). 
Yello w-filled regions sho w the empirical CIB reconstruction from 
multi-epoch, multi-wavelength known galaxy luminosity function 
data (Helgason et al. 2012 , hereafter HRK). Black lines show the 
HRK-reconstructed background (‘default’, the optimal value); the 
yellow shaded region marks the high-faint-end (HFE) and low-faint- 
end (LFE) limits of the observed luminosity function data used by 
HRK. The contribution from new sources implied by the source- 
subtracted CIB fluctuations unco v ered in Spitzer measurements 
(Kashlinsky et al. 2005 , 2007b , 2012b ) contributes little to the o v erall 
mean CIB (Kashlinsky et al. 2007a ) and will not enter the final 
configuration proposed below (see the re vie w by Kashlinsky et al. 
2018 ). The Y , J , H , and K bands displayed here approximate the 
bands available on Euclid and Roman . 

Fig. 1 (b) shows the expected CIB dipole, assuming (1) the entire 
CMB dipole is of kinematic origin, and (2) no excess in CIB levels 

abo v e that from known galaxies (Kashlinsky et al. 2018 ). If the 
CMB traces the Universe’s rest-frame, the CIB dipole should point 
in the CMB dipole direction and have the corresponding amplitude 
(equation 1 ). 

Fig. 1 (c) compares the relative CB dipole in the near-IR bands with 
the results of previous probes. In the near-IR bands, the CB dipole 
should be amplified o v er that of the CMB to ( d ν / I ν) ≃ (3.1–5.5) D CMB 
≃ (4–7) × 10 −3 . The higher amplification, coupled with the wide sky 
co v erage, will result in a high-precision CIB dipole measurement if 
foregrounds can be eliminated, as discussed below. 

Fig. 2 shows the CIB build-up in the near-IR bands. The HRK- 
reconstructed CIB fits the observed data well; we use the reconstruc- 
tion for estimates below, but when data from the new forthcoming 
missions become available, they will be used directly in the analysis. 

The Solar System and Galaxy foregrounds present obstacles to 
probing the kinematic dipole nature using the net near-IR CIB. Based 
on examination of compiled zodiacal light observations (Leinert et al. 
1998 ) and Diffuse Infrared Background Experiment (DIRBE) 100- 
µm images (Hauser et al. 1998 ), we estimate uncorrected near-IR 
dipoles in Fig. 3 (a) for observations constrained to solar elongations 
near 90 ◦ (as is common for space-based observations). The apparent 
dipole on a given date is d Zodi ∼ 0.11 MJy sr −1 at 1.25 µm. Since the 
direction of this dipole varies annually, av eraging o v er one or more 
years reduces its net amplitude by ∼10 times. Even if the zodical 
light is modelled/subtracted with 1 per cent accuracy, the residual 
dipole interferes with the CIB dipole. The cirrus dipole was estimated 
by simultaneous fitting for the monopole + dipole + quadrupole 
map components, with several increasingly severe masks defined 
by brightness and Galactic and ecliptic latitude. The minimum 
dipole amplitude is ∼0.1 MJy sr −1 at 100 µm (similar to Fixsen & 
Kashlinsky 2011 ). The dipole is oriented toward the Galactic Centre, 
even in the heavily masked cases. We scale the 100- µm interstellar 
medium (ISM) dipole amplitude to shorter wavelengths using the 
ISM colours from Arendt et al. ( 1998 ) and Sano et al. ( 2016 ). This 
yields a 1.25- µm ISM/cirrus dipole of 2 × 10 −4 MJy sr −1 , ∼10 times 
greater than the expected CIB dipole. To measure the CIB dipole 
would require subtracting the ISM model with subpercent accuracy. 
Ho we ver, measurements of ISM colours typically sho w v ariations of 
factors of a few at different sky locations. Thus, while a simple scaling 
of the far-IR ISM emission can be used to estimate the near-IR ISM 
dipole amplitude, it is unlikely to be sufficient here, so foregrounds 
present a substantial problem for probing the dipole of the net CIB . 
This problem can be resolved with the method proposed next. 
3  I G L  DIPOLE  F RO M  SPACE-BORNE  W I D E  
SURVEYS  
To o v ercome the obstacles from fore ground dipoles, we use the 
all-sky part of the CIB, known as IGL (integrated galaxy light), 
reconstructed from resolved galaxies in a space-borne wide surv e y: 
I ν( l, b) = S 0 ∫ m 1 

m 0 10 −0 . 4 m [d N ν
d m 

]
d m, (2) 

where S 0 = 3.631 × 10 −3 MJy, with m 0 suitably selected to remo v e 
the galaxy clustering dipole and m 1 imposed by the wide surv e y 
sensitivity limits. Here we want to measure the dipole in the flux, 
not the number counts. For the dipole measurement, the IGL will be 
constructed from the surv e y by adding flux es from galaxies within 
the magnitude limit o v er each field of view (FOV) centred at ( l , b ) 
with > 10 5 galaxies deg −2 at 20 < m AB < 24 (e.g. Windhorst et al. 
2011 ; Driver et al. 2016 ); it has similar spectral dependence to the 
CIB in Fig. 1 . To measure the CIB dipole in the near-IR bands with 
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Compton-Getting amplification vs E

Hence, 1) the dipole we sought to probe would be ~0.5-0.6%, 2) using ~106 photons/sources, 3) thus 
expecting ~(5—6)σ result if all goes well.
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Probing DGB dipole – Fermi LAT maps

• Selected data taken at the start of scientific operations, continuing through the end of mission 
Cycle 13, specifically, all the weekly photon files 2008 August 31–2021 September 1 

• Used weekly photon files from latest reprocessing, P8R3 & the front-plus-back converting events 
• To limit contamination from γ-rays scattered from the Earth’s atmosphere, a selection cut was 

applied to remove data taken when the LAT boresight rocked to >52° with respect to the zenith. 
• The selection cuts resulting from this reprocessing significantly reduce the occurrence of CR-

induced spurious (i.e., non-photon) events 
• We also excluded any time interval when the LAT was not in survey mode 
• To minimize potential contamination from CR-induced events in the detector, we selected the 

“UltraClean” event selection cut and the corresponding instrument-response function
• The diffuse maps at each year were coadded in narrow E-bands from 0.1 to >100 Gev
• The individual narrow E-bands were assembled in HEALPix Nside=128 format and then clipped, etc.
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Probing DGB dipole – Source removal & clipping

Ø Fermi LAT beam falls below pixel size at E>2.05 GeV
Ø Hence concentrate of 2.74 < E(GeV) < 115
Ø First remove brightest 3000+ sources from the fourth 

Fermi Gamma-Ray LΑΤ (4FGL) catalog 
Ø Then remove “sources” using CIB developed clipping, i.e.

Ø At different Galaxy cuts, (l, b)

Galaxy and source removal, consistent with an extragalactic
origin. The signal appears stable in time for at least 6 yr. The
relative amplitude of the dipole is (6–7)%, which is much
higher than could come from the DGB source clustering
component and also higher than any kinematic Compton–
Getting component, unless the local velocity is V
3000 km s−1. However, the relative dipole amplitude coincides
with that of the UHECR dipole from Pierre Auger Observatory
(Pierre Auger Collaboration et al. 2017; Aab et al. 2020a),
which we interpret as indicative of a common origin of the
[3–100]GeV photons here and the UHECR.

2. Fermi-LAT Data and Processing

The Fermi-LAT is a pair-conversion telescope covering the
nominal [0.1–1000]GeV energy range (Atwood et al. 2009). It
is operated as a sky-survey instrument, having both a wide field
of view, ∼2 sr, and large effective area: ∼0.7 m2 for ∼1 GeV
photons at near normal incidence. The telescope is comprised
of a 4× 4 assembly of modules that each consists of a tracker
and calorimeter to record information needed to reconstruct
photon direction and energy. The instrument is enclosed by an
active anticoincidence system that allows the onboard electro-
nics to reject charged particle events.

We selected data taken at the start of scientific operations,
continuing through the end of mission Cycle 13, specifically,
all the weekly photon files 2008 August 31–2021 September 1.
We used the weekly photon files resulting from the latest
reprocessing, P8R37 and the front-plus-back converting events.
To limit contamination from γ-rays scattered from the Earth’s
atmosphere, a selection cut was applied to remove data taken
when the LAT boresight rocked to >52° with respect to the
zenith. The selection cuts resulting from this reprocessing
significantly reduce the occurrence of CR-induced spurious
(i.e., non-photon) events and importantly, remove residual-
associated anisotropies (Bruel et al. 2018). It should also be
noted that these spurious events can introduce anisotropies in
large- or all-sky analyses. This is due to both noninteracting
heavy ions and to CR electrons leaking through the ribbons of
the anticoincidence detector, the latter source being responsible
for the background anisotropy. We also excluded any time
interval when the LAT was not in survey mode. To minimize
potential contamination from CR-induced events in the
detector, we selected the “UltraClean” event selection cut and
the corresponding instrument-response function.

The possible effects on the measured DGB dipole by
emissions emanating from within the solar system are
demonstrated below to be negligible.

Our analysis benefits from including as many celestial
photons as possible, but bright sources above our latitude cuts
that are in relatively close proximity would likely introduce
anisotropies. Thus we exclude emission from the remaining
brightest 3000+ sources from the fourth Fermi Gamma-Ray
Lat (4FGL) catalog (Abdollahi et al. 2022), then employing the
clipping procedure as detailed below.

The 1–100 GeV energy γ-ray sky at low Galactic latitudes is
dominated by diffuse emissions from interactions of CRs with
the interstellar medium as well as with the Milky Way radiation
fields. While these foreground emissions, which have been
studied extensively (Ackermann et al. 2012b), provide a useful
diagnostic tool to study the interstellar medium and CR

propagation, they are an impediment to large-scale extragalac-
tic studies. The Galactic latitude bGal and longitude lGal cuts
employed in our analysis partially remove the effects of these
structured foregrounds on our analysis. We assess further
effects by making incremental cuts at |bGal|> 20°, 30°, 45° and
30° and at 45°� lGal� 330°, 315°, and also by removing the
ecliptic plane and then recomputing the dipole.
We apply the clipping procedure well known and commonly

used in the source-subtracted CIB studies since the COBE/
DIRBE, later refined for and further tested in the various
2MASS, Spitzer, and Euclid work (see reviews in
Kashlinsky 2005a; Kashlinsky et al. 2018). The method
isolates iteratively the pixels with photons exceeding a given
threshold of Nphot(lGal, bGal)� 〈Nphot〉+ Ncutσ(Nphot), removing
here the entire beam at 95% c.l. around the pixels identified in
the given iteration and proceeds until no more such excursions
are found at the given Ncut. Typically up to ten iterations were
needed to converge, and the results are insensitive at Ncut� 4.
Of course, the method should be applied to as narrow bands as
possible, especially for the γ-ray sky where adjacent energies
often trace different sources. Figures 5 and 6 show the
commonality of the remaining photons for the unclipped and
clipped maps, demonstrating the efficiency and necessity of
clipping. After clipping, most remaining pixels starting already
around (3–5) GeV trace different sources at two adjacent
bands, and most of the sky becomes progressively darker (no
photons in each pixel) at narrow energy bands, as expected.
Next we combine different bands into one broader band map
and then evaluate the dipoles and the mean remaining flux.
Figure 1(a) shows the number of photons left in each band

after the procedures. The horizontal green line in Figure 1(a)
shows the pixel area (right vertical axis), and the green stars
mark the 95% LAT beam area that falls below our pixel
resolution at E 3 GeV. Those remaining after clipping γ-ray
sources are unresolved at this resolution.
We therefore restrict our dipole DGB analysis to

E> 2.74 GeV. The clipped maps at narrow energy bands are
then coadded up to E= 115 GeV. Figure 1(b) shows the
consistency of the histograms of the assembled source-subtracted
maps for various |bGal|-cuts and 30°� lGal� 330°. The resultant
clipped map assembled over 2.74� E(GeV)� 115 is shown in
Figure 2; the symbols are explained below.

3. Dipole Results

Computations of the multipole expansion of source-sub-
tracted, band-added maps were done with standard HEALPix
routines: dipole with REMOVE_DIPOLE and power spectrum
with ANAFAST developed with singular-value decomposition
(Górski et al. 2005).
The dipole from the clipped maps is shown with circles in

Figure 3. The dashed lines of three colors in Figure 1(b) show the
mean flux in the clipped maps of three values of bcut, and the solid
lines of the same color show the flux dispersion of each map. The
flux dispersion is σF∼ 0.8× 10−7 GeV cm−2 s−1 sr−1, which
introduces random dipole uncertainty in each of the three
components over a map of Npix pixels of NF pixs~ . For the
dipole amplitude, the uncertainty will be 3 5Fs ~ ´

N10 1010
pix

5- GeV cm−2 s−1 sr−1, which shows that the
dipoles found in Figure 3 are statistically significant. A more
accurate estimate of the statistical error can be done by bootstrap.
We generated 1000 simulated maps by assigning to each point on7 https://fermi.gsfc.nasa.gov/ssc/data/access/
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DGB flux slope of E–0.34

pixel

Number of remaining DGB 
photons at each E-band for  
the various Galaxy cuts.
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Probing DGB dipole – Clipping of narrow E-maps

Narrow E vs next E: unclipped Narrow E vs next E: clipped

Kashlinsky, Atrio-Barandela, Shrader       Fermi 2024



Results:

i) The γ-ray Fermi LAT maps were coadded using 13 years of data. ii) Then clipped off individual sources. iii) Then the 
remaining Galaxy and Solar System contributions removed. iv) Then dipoles evaluated from 2.05 GeV out to the given 
γ-ray E and v)  their random errors computed from bootstrap.

DGB dipole

From clustering <Cl> for 5<l< 300

Kashlinsky, Atrio-Barandela, Shrader       Fermi 2024



Results:

With Ecliptic plane kept in Without Ecliptic plane
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Results:

With Ecliptic plane kept in Without Ecliptic plane
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More on errors and systematics

13 years

A–B

A is years 1 through 6
B is years 7 through 12
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More on errors and systematics – cnt’d

Correlation, R, between (A–B) and 13 yr maps vs E Ratio of (A–B) to 13 yr maps dipole powers vs E 

Kashlinsky, Atrio-Barandela, Shrader        Feb 2024



All-sky “heat map” for > 8 EeV cosmic rays with the central plane of our galaxy running across the 
middle. Redder regions reflect areas with higher rates. Pierre Auger Collaboration (2017)

Cosmic ray connection
Cosmic rays are accelerated charged particles 
– mostly protons and atomic nuclei. 

UHECRs: Particles with energies 
exceeding a billion times 
the energy of gamma rays 
we studied (> 1 EeV). 

Rare: Annual flux > 10 EeV 
is ~1 per square km

Origins: Unknown 
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DGB & UHECR at 8 EeV

2

I. INTRODUCTION

The energy-spectrum of the extragalactic gamma-ray background (EGB) is now known accu-
rately at energies 0.1<

∼E(Gev)<
∼ 100 from Fermi-LAT measurements to be FEGB ≡ E2dN/dE =

4×10−7
(

E
Gev

)

−γ
Gev/cm2/s/sr with γ ≃ 0.35 [1, 2]. The power of its angular anisotropies have been

likewise measured to be flat (white-noise) at Cℓ/F 2
EGB ≃ (8−9)×10−6sr out to angular scales θ ∼ 7◦

(ℓ > 50) [3, 4]. The EGB dipole has not yet been measured although that quantity would carry im-
portant cosmological information arising from one of the following three origins: (1) The Compton-
Getting [5] effect due to Sun’s motion would generate an amplified dipole over that of the CMB,
assuming the latter is entirely kinematic at VCMB = 370km/s [6]. Since E−2dN/dE is Lorentz in-
variant [7] the dimensionless kinematic EGB dipole would be DEGB = (4+γ)Vc ≃ 0.56%(V/VCMB),
an amplification which is comparable [8] to that for cosmic rays (CR) [9] and the cosmic infrared
background [10, 11]. (2) The clustering (measured to have white noise angular spectrum) compo-
nent dipole from the unresolved EGB sources would be ≃

√
Cℓ/FEGB ≃ 0.25% using measurements

from [1, 4] and also here. (3) The Fermi-LAT photons may trace trace other cosmic structures,
such as implied by the UHECR Pierre-Auger dipole of ≃ (6.5 − 7)%FEGB [12, 13].

In proper interpretation of its nature the EGB dipole must be described not only with amplitude,
but also with its direction. Here, however, fine measurements at high signal/noise S/N are required
since the directional uncertainty in the limit of S/N > 1 is ∆Θ ≃

√
2(S/N)−1rad [14] and only

CMB dipole, probed at S/N >
∼ 200 [6, 15], currently allows high-precision directional determination.

Here we present the first measurement of the source-subtracted EGB dipole over [3–100]GeV
using Fermi 13 year data. We assemble the UltraClean Fermi dataset using HEALPix with
Nside = 128 [16] from the 13-year all-sky observations at narrow energy bands. After remov-
ing known sources, each E-map is cleaned of the Galactic plane, and remaining Galactic and
extragalactic sources, structured foregrounds and noise excursions via a standard iterative proce-
dure used in cosmic infrared background (CIB) work [reviewed in 10, 17]. Then possible remaining
Galaxy emissions are further removed with progressive Galactic cuts in (lGal, bGal), the narrow E-
maps assembled into broad bands of increasing upper energy and the residual map dipole evaluated
for each situation. We find a robust remaining source-subtracted dipole which is highly statisti-
cally significant and independent of further Galaxy and source removal, which we thus assign to
EGB. The relative amplitude of the EGB dipole is (6–7)%, which is much higher than could come
from the EGB source clustering component and also higher than any kinematic Compton-Getting
component, unless the local velocity is V >

∼
3, 000 km/sec. However, the relative EGB dipole am-

plitude coincides with that of the UHECR dipole from Pierre Auger Observatory [12, 13] which
we interpret as indicative of a common origin of the [3–100]GeV photons here and the UHECR at
E >

∼
1 EeV.

II. FERMI-LAT DATA AND PROCESSING

The Fermi Large Area Telescope (LAT) is a pair-conversion telescope covering the nominal
[0.1 − 1000] GeV energy range. It is operated as a sky-survey instrument, having both a wide
field of view, ∼ 2 sr and large effective area: ∼ 0.7m2 for ∼ 1 GeV photons at near normal
incidence. The telescope is comprised of a 4×4 assembly of modules, that each consist of a tracker
and calorimeter to record information needed to reconstruct photon direction and energy. The
instrument is enclosed by an active anticoincidence system that allows the onboard electronics to
reject charged particle events. A detailed description of the instrument is given in [18].

We selected data taken at the start of scientific operations and continuing through the end
of mission Cycle 13, specifically, all the weekly photon files 08/31/2008–09/01/2022. We used

Directional uncertainty:



UHECR connection?

• The  discovered DGB signal cannot come from motion or clustering.
• Appears coherent with Pierre-Auger UHECR dipole of EeV CRs.

2

I. INTRODUCTION

The energy-spectrum of the extragalactic gamma-ray background (EGB) is now known accu-
rately at energies 0.1<

∼E(Gev)<
∼ 100 from Fermi-LAT measurements to be FEGB ≡ E2dN/dE =

4×10−7
(

E
Gev

)

−γ
Gev/cm2/s/sr with γ ≃ 0.35 [1, 2]. The power of its angular anisotropies have been

likewise measured to be flat (white-noise) at Cℓ/F 2
EGB ≃ (8−9)×10−6sr out to angular scales θ ∼ 7◦

(ℓ > 50) [3, 4]. The EGB dipole has not yet been measured although that quantity would carry im-
portant cosmological information arising from one of the following three origins: (1) The Compton-
Getting [5] effect due to Sun’s motion would generate an amplified dipole over that of the CMB,
assuming the latter is entirely kinematic at VCMB = 370km/s [6]. Since E−2dN/dE is Lorentz in-
variant [7] the dimensionless kinematic EGB dipole would be DEGB = (4+γ)Vc ≃ 0.56%(V/VCMB),
an amplification which is comparable [8] to that for cosmic rays (CR) [9] and the cosmic infrared
background [10, 11]. (2) The clustering (measured to have white noise angular spectrum) compo-
nent dipole from the unresolved EGB sources would be ≃

√
Cℓ/FEGB ≃ 0.25% using measurements

from [1, 4] and also here. (3) The Fermi-LAT photons may trace trace other cosmic structures,
such as implied by the UHECR Pierre-Auger dipole of ≃ (6.5 − 7)%FEGB [12, 13].

In proper interpretation of its nature the EGB dipole must be described not only with amplitude,
but also with its direction. Here, however, fine measurements at high signal/noise S/N are required
since the directional uncertainty in the limit of S/N > 1 is ∆Θ ≃

√
2(S/N)−1rad [14] and only

CMB dipole, probed at S/N >
∼ 200 [6, 15], currently allows high-precision directional determination.

Here we present the first measurement of the source-subtracted EGB dipole over [3–100]GeV
using Fermi 13 year data. We assemble the UltraClean Fermi dataset using HEALPix with
Nside = 128 [16] from the 13-year all-sky observations at narrow energy bands. After remov-
ing known sources, each E-map is cleaned of the Galactic plane, and remaining Galactic and
extragalactic sources, structured foregrounds and noise excursions via a standard iterative proce-
dure used in cosmic infrared background (CIB) work [reviewed in 10, 17]. Then possible remaining
Galaxy emissions are further removed with progressive Galactic cuts in (lGal, bGal), the narrow E-
maps assembled into broad bands of increasing upper energy and the residual map dipole evaluated
for each situation. We find a robust remaining source-subtracted dipole which is highly statisti-
cally significant and independent of further Galaxy and source removal, which we thus assign to
EGB. The relative amplitude of the EGB dipole is (6–7)%, which is much higher than could come
from the EGB source clustering component and also higher than any kinematic Compton-Getting
component, unless the local velocity is V >

∼
3, 000 km/sec. However, the relative EGB dipole am-

plitude coincides with that of the UHECR dipole from Pierre Auger Observatory [12, 13] which
we interpret as indicative of a common origin of the [3–100]GeV photons here and the UHECR at
E >

∼
1 EeV.

II. FERMI-LAT DATA AND PROCESSING

The Fermi Large Area Telescope (LAT) is a pair-conversion telescope covering the nominal
[0.1 − 1000] GeV energy range. It is operated as a sky-survey instrument, having both a wide
field of view, ∼ 2 sr and large effective area: ∼ 0.7m2 for ∼ 1 GeV photons at near normal
incidence. The telescope is comprised of a 4×4 assembly of modules, that each consist of a tracker
and calorimeter to record information needed to reconstruct photon direction and energy. The
instrument is enclosed by an active anticoincidence system that allows the onboard electronics to
reject charged particle events. A detailed description of the instrument is given in [18].

We selected data taken at the start of scientific operations and continuing through the end
of mission Cycle 13, specifically, all the weekly photon files 08/31/2008–09/01/2022. We used

~ 16.2 deg for S/N=6



DGB vs UHECR: cascading vs common independent origin

• Cascading:
• Possible origin via pions π0 à γγ
• From e.g. 
• GZK from the Δ resonance: p+γCMB →Δ+ →π0 +p 

• Proton decay: p → e+ + π0 or p → μ+ + π0

• Common origin:
• Dipole at [3-100] GeV has flux           

FDGB ~ 10–7 Gev/cm2/s/sr
• Matches UHECR flux at E < 1 EeV

From Fang & Murase (2018)

Kashlinsky, Atrio-Barandela, Shrader       Fermi 2024



Interpretation and implications

• The  discovered DGB signal cannot come from motion or clustering.
• Appears coherent with Pierre-Auger UHECR dipole of EeV CRs.

• If so, its origin is unlikely from CR cascading via photomesonic 
production (either GZK effect or proton decay) – not enough CR flux.
• Hence this indicates a common origin of the GeV photons and 

UHECRs from either same environments or sources.

• Or a new origin not yet proposed with more work required to follow.

Kashlinsky, Atrio-Barandela, Shrader       Fermi 2024


