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evidence for dark matter 

- dark matter exists-85% of matter 

- gravitational interactions

*incomplete  sample
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Figure4:Ontheleft,isthetimeevolutionofthedimensionlesspowerspectrumofDMdensity
perturbations.TheseareadaptedfrommyLecture19inLectureNotes,Spring2017/19.We
startfromthetimewhenallthemodesofinterestareoutsidethehorizon(a=ai),thena=aeq,
aeq<a<1andfinallytoday.Therightmostpanelshowsdataplottedonthisderivedshape,
andisadaptedfrom[28].

2.3.3PowerSpectrumToday(linear)

Evaluatingthepowerspectrumtoday(atoday=1)usingtheabovesolutionfortheevolution
yields

�2

�m(atoday,k)⇠k
3

P�m(ain,k)a�2

eq

(
[ln(k/keq)]2k�keq,

(k/keq)
4

k⌧keq,
(2.12)

whichexplainsthek
4and[lnk]2dependencesshowninFig.4,assumingk

3
P�m(ain,k)⇠const.

Thisisthedesiredshapeofthematterpowerspectrum,andshouldbecomparedtoobserva-
tions.5

5Apersonalnote:Ifondlyrememebercomingupwiththiswayofderivingtheshapeofthematterpower
spectrumasagraduatestudentmyself,somethingthatwasnotcleartomefromthetextbooksatthattime
(theydiditdi↵erently,whichwasofcoursefinetoo).ItwasthefirsttimeIfeltthatIcouldderivesomethingin
cosmology,andthenitbecameahabittotryandheuristicallyderiveanyimportantcurveincosmology.Inow
alwaysincorporateitinmyownteaching,seeLecture19inLectureNotes,Spring2017/19,whichiswhatIam
doingherealso!
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mass of dark matter “particle” ?

particle mass ?
astrophysics cares about mass density

⇢dm = m⇥ ndm

⇢dm ⇠ 0.3GeV cm�3

⇢dm = m⇥ ndm



why is such a huge mass range allowed?
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We argue that there is a lower bound of order 10�18 eV on dark matter mass if it is produced
after inflation via a process with finite correlation length.

I. INTRODUCTION

Dark matter is essential to our understanding of the
cosmos – from the astrophysical scales relevant for dwarf
galaxies to the cosmological scales in the Cosmic Mi-
crowave Background (CMB) [1]. Dark matter makes up
approximately 84% of the non-relativistic matter in our
cosmos [2]. Its detailed nature, however, is not well un-
derstood. For example, the mass or spin of dark matter
particles is not known, and we have yet to confirm any
non-gravitational interactions of dark matter. Further-
more, we do not have a unique formation mechanism for
dark matter in the early universe. Given the relevance of
dark matter to our understanding of the cosmos, any rel-
atively model-independent constraint on some of its mi-
croscopic properties would be valuable. In this letter, we
provide such a relatively model-independent lower bound
on the mass of dark matter particles.

An approximately scale invariant initial power spec-
trum of dark matter density fluctuations for comoving
wavenumbers k < kobs ⇠ 10 Mpc�1 is consistent with
current observations [3, 4]. We use two e↵ects, (1) excess
white noise power and (2) suppression of power due to
free-steaming, to provide a relatively model-independent
lower bound on the mass of the dark matter particles
produced after inflation, m & 10�18 eV. The bound is
independent of the nature of the field (scalar, vector, ten-
sor etc.) and details of the post-inflationary production
mechanism, but assumes this field constitutes all of dark
matter and interacts only gravitationally after produc-
tion. With more details of the production mechanism
included, the bound can be strengthened further. Our
lower bound is at least 1-2 orders of magnitude stronger
than that due to the finite Jeans scale in fuzzy dark mat-
ter [3, 5]. It is comparable to the recent bound due to
dynamical heating of stars in ultra-faint white dwarfs [6].
Our bound is more general, but weaker than the one
of [7, 8], who use a model-specific version of (1) alone.
Based on inferred quasar spins and hence lack of super-
radiance, [9] also claims a stronger bound on the mass
than ours.

To demonstrate our idea, we provide a concrete exam-
ple of scalar field dark matter. We set ~ = c = 1.

⇤ mustafa.a.amin@rice.edu
† mehrdad.mirbabayi@gmail.com

II. WHITE NOISE

Consider a scalar field, '(t,x) of mass m, that gets
excited at time ti after inflation with Heq ⌧ m < Hi.
For now, let us neglect the inflationary adiabatic fluctu-
ations. Then, the correlation length of the excitations is
expected to be subhorizon because of causality. Near
matter-radiation equality, the matter density is given
by[10]

⇢̄(t) ⇡ m
2

Z
d ln q

q
3

2⇡2
P'(t, q) , (1)

where integration over all momenta (without a UV cut-
o↵) is a justifiable approximation because by this time
the integral must be dominated by momenta much less
than ma(t). Meanwhile, since Heq ⌧ Hi, the main con-
tribution comes from momenta much larger than keq. For
simplicity, we take it to be a single scale k⇤. Because of
the finite correlation length, at momenta k ⌧ k⇤ there
is a white-noise contribution to the spectrum of the frac-
tional density perturbation �. The isocurvature transfer
function is close to one and we can approximate

P
(iso)
� (t, k) ⇡

m
4

⇢̄2(t)

Z
d ln q

q
3

2⇡2
[P'(q, t)]2 ⌘

2⇡
2

k
3
nl

. (2)

knl is understood as being defined by the above equa-
tion. With a single scale in the problem, we expect a
time-independent knl ⇠ k⇤. Further details of the order
unity isocurvature transfer function can be found in the
supplementary material (V F).

We stress that despite the suggestive subscript, knl

only parametrizes the slope of the white-noise part of
the density power spectrum at su�ciently small k. It is
not necessarily the location in k space where the density
perturbations become nonlinear. Furthermore, while not
necessary for the following sections, a parameterization
of knl ⇠ k⇤ in terms of the time and lengthscale asso-
ciated with the production mechanism, and mass m, is
provided in the supplementary material section (V A).

The reader who is familiar with the theory of struc-
ture formation might be skeptical about this flat spec-
trum. Indeed, it is well known that the stochastic con-
tribution to the nonlinear P�(t, k) arising from clustering
behaves as k

4 rather than k
0 at low k. This is a con-

sequence of mass and momentum conservation (see [11],
chapter 28). A white-noise contribution / k

0, would im-
ply that starting from the same initial matter density
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our argument 
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Dark matter density dominated by sub-Hubble field modes

=) m & 10
�18

eV

<latexit sha1_base64="oy4dICi6fCiusM8PJSGMK4Q69Bc="></latexit>

1. and 2. not seen for k < kobs ⇠ 10Mpc�1
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1. white-noise excess in isocurvature density pert.

2. free-streaming suppression in adiabatic density pert.
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comparison  with literature
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Dalal & Kravtsov (2022): m & 3⇥ 10�19 eV

<latexit sha1_base64="VSCovT2p2w3T5NobutVJmySb+xM="></latexit>

Irsic et. al (2017): m & 2⇥ 10�21 eV Irsic et. al (2017) — Lyα

Dalal & Kravtsov (2022) — dynamical heating of stars

Powell et. al (2023) — lensing<latexit sha1_base64="uIbEZNPurjBrM2a+hyGz4CvohV8="></latexit>

Powell et. al (2023): m & 4⇥ 10�21 eV

Nadler et. al (2021) — MW satellites
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m & 3⇥ 10�21 eV

*Above are model independent constraints, stronger constraints exist for particular models (Irsic, Xiao & McQuinn, 2020)

MA & Mirbabayi (2022)

We are being very conservative here by insisting on model independence. For some explicit models, similar arguments can 
lead to  m >10-12 eV!
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details

*analytic calculation of density spectra, see appendix of MA & Mirbabayi (2022)

*to us, results were “intuitively convincing” but quantitative calculation is non-trivial

*numerical simulations + self-interactions, MA & Ling (in progress)
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We argue that there is a lower bound of order 10�18 eV on dark matter mass if it is produced
after inflation via a process with finite correlation length.

I. INTRODUCTION

Dark matter is essential to our understanding of the
cosmos – from the astrophysical scales relevant for dwarf
galaxies to the cosmological scales in the Cosmic Mi-
crowave Background (CMB) [1]. Dark matter makes up
approximately 84% of the non-relativistic matter in our
cosmos [2]. Its detailed nature, however, is not well un-
derstood. For example, the mass or spin of dark matter
particles is not known, and we have yet to confirm any
non-gravitational interactions of dark matter. Further-
more, we do not have a unique formation mechanism for
dark matter in the early universe. Given the relevance of
dark matter to our understanding of the cosmos, any rel-
atively model-independent constraint on some of its mi-
croscopic properties would be valuable. In this letter, we
provide such a relatively model-independent lower bound
on the mass of dark matter particles.

An approximately scale invariant initial power spec-
trum of dark matter density fluctuations for comoving
wavenumbers k < kobs ⇠ 10 Mpc�1 is consistent with
current observations [3, 4]. We use two e↵ects, (1) excess
white noise power and (2) suppression of power due to
free-steaming, to provide a relatively model-independent
lower bound on the mass of the dark matter particles
produced after inflation, m & 10�18 eV. The bound is
independent of the nature of the field (scalar, vector, ten-
sor etc.) and details of the post-inflationary production
mechanism, but assumes this field constitutes all of dark
matter and interacts only gravitationally after produc-
tion. With more details of the production mechanism
included, the bound can be strengthened further. Our
lower bound is at least 1-2 orders of magnitude stronger
than that due to the finite Jeans scale in fuzzy dark mat-
ter [3, 5]. It is comparable to the recent bound due to
dynamical heating of stars in ultra-faint white dwarfs [6].
Our bound is more general, but weaker than the one
of [7, 8], who use a model-specific version of (1) alone.
Based on inferred quasar spins and hence lack of super-
radiance, [9] also claims a stronger bound on the mass
than ours.

To demonstrate our idea, we provide a concrete exam-
ple of scalar field dark matter. We set ~ = c = 1.
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II. WHITE NOISE

Consider a scalar field, '(t,x) of mass m, that gets
excited at time ti after inflation with Heq ⌧ m < Hi.
For now, let us neglect the inflationary adiabatic fluctu-
ations. Then, the correlation length of the excitations is
expected to be subhorizon because of causality. Near
matter-radiation equality, the matter density is given
by[10]

⇢̄(t) ⇡ m
2

Z
d ln q

q
3

2⇡2
P'(t, q) , (1)

where integration over all momenta (without a UV cut-
o↵) is a justifiable approximation because by this time
the integral must be dominated by momenta much less
than ma(t). Meanwhile, since Heq ⌧ Hi, the main con-
tribution comes from momenta much larger than keq. For
simplicity, we take it to be a single scale k⇤. Because of
the finite correlation length, at momenta k ⌧ k⇤ there
is a white-noise contribution to the spectrum of the frac-
tional density perturbation �. The isocurvature transfer
function is close to one and we can approximate

P
(iso)
� (t, k) ⇡

m
4

⇢̄2(t)

Z
d ln q

q
3

2⇡2
[P'(q, t)]2 ⌘

2⇡
2

k
3
nl

. (2)

knl is understood as being defined by the above equa-
tion. With a single scale in the problem, we expect a
time-independent knl ⇠ k⇤. Further details of the order
unity isocurvature transfer function can be found in the
supplementary material (V F).

We stress that despite the suggestive subscript, knl

only parametrizes the slope of the white-noise part of
the density power spectrum at su�ciently small k. It is
not necessarily the location in k space where the density
perturbations become nonlinear. Furthermore, while not
necessary for the following sections, a parameterization
of knl ⇠ k⇤ in terms of the time and lengthscale asso-
ciated with the production mechanism, and mass m, is
provided in the supplementary material section (V A).

The reader who is familiar with the theory of struc-
ture formation might be skeptical about this flat spec-
trum. Indeed, it is well known that the stochastic con-
tribution to the nonlinear P�(t, k) arising from clustering
behaves as k

4 rather than k
0 at low k. This is a con-

sequence of mass and momentum conservation (see [11],
chapter 28). A white-noise contribution / k

0, would im-
ply that starting from the same initial matter density

dark matter density close to matter radiation eq.
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Dark matter is essential to our understanding of the
cosmos – from the astrophysical scales relevant for dwarf
galaxies to the cosmological scales in the Cosmic Mi-
crowave Background (CMB) [1]. Dark matter makes up
approximately 84% of the non-relativistic matter in our
cosmos [2]. Its detailed nature, however, is not well un-
derstood. For example, the mass or spin of dark matter
particles is not known, and we have yet to confirm any
non-gravitational interactions of dark matter. Further-
more, we do not have a unique formation mechanism for
dark matter in the early universe. Given the relevance of
dark matter to our understanding of the cosmos, any rel-
atively model-independent constraint on some of its mi-
croscopic properties would be valuable. In this letter, we
provide such a relatively model-independent lower bound
on the mass of dark matter particles.

An approximately scale invariant initial power spec-
trum of dark matter density fluctuations for comoving
wavenumbers k < kobs ⇠ 10 Mpc�1 is consistent with
current observations [3, 4]. We use two e↵ects, (1) excess
white noise power and (2) suppression of power due to
free-steaming, to provide a relatively model-independent
lower bound on the mass of the dark matter particles
produced after inflation, m & 10�18 eV. The bound is
independent of the nature of the field (scalar, vector, ten-
sor etc.) and details of the post-inflationary production
mechanism, but assumes this field constitutes all of dark
matter and interacts only gravitationally after produc-
tion. With more details of the production mechanism
included, the bound can be strengthened further. Our
lower bound is at least 1-2 orders of magnitude stronger
than that due to the finite Jeans scale in fuzzy dark mat-
ter [3, 5]. It is comparable to the recent bound due to
dynamical heating of stars in ultra-faint white dwarfs [6].
Our bound is more general, but weaker than the one
of [7, 8], who use a model-specific version of (1) alone.
Based on inferred quasar spins and hence lack of super-
radiance, [9] also claims a stronger bound on the mass
than ours.

To demonstrate our idea, we provide a concrete exam-
ple of scalar field dark matter. We set ~ = c = 1.
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II. WHITE NOISE

Consider a scalar field, '(t,x) of mass m, that gets
excited at time ti after inflation with Heq ⌧ m < Hi.
For now, let us neglect the inflationary adiabatic fluctu-
ations. Then, the correlation length of the excitations is
expected to be subhorizon because of causality. Near
matter-radiation equality, the matter density is given
by[10]

⇢̄(t) ⇡ m
2

Z
d ln q

q
3

2⇡2
P'(t, q) , (1)

where integration over all momenta (without a UV cut-
o↵) is a justifiable approximation because by this time
the integral must be dominated by momenta much less
than ma(t). Meanwhile, since Heq ⌧ Hi, the main con-
tribution comes from momenta much larger than keq. For
simplicity, we take it to be a single scale k⇤. Because of
the finite correlation length, at momenta k ⌧ k⇤ there
is a white-noise contribution to the spectrum of the frac-
tional density perturbation �. The isocurvature transfer
function is close to one and we can approximate

P
(iso)
� (t, k) ⇡

m
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⇢̄2(t)

Z
d ln q
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2⇡2
[P'(q, t)]2 ⌘

2⇡
2

k
3
nl

. (2)

knl is understood as being defined by the above equa-
tion. With a single scale in the problem, we expect a
time-independent knl ⇠ k⇤. Further details of the order
unity isocurvature transfer function can be found in the
supplementary material (V F).

We stress that despite the suggestive subscript, knl

only parametrizes the slope of the white-noise part of
the density power spectrum at su�ciently small k. It is
not necessarily the location in k space where the density
perturbations become nonlinear. Furthermore, while not
necessary for the following sections, a parameterization
of knl ⇠ k⇤ in terms of the time and lengthscale asso-
ciated with the production mechanism, and mass m, is
provided in the supplementary material section (V A).

The reader who is familiar with the theory of struc-
ture formation might be skeptical about this flat spec-
trum. Indeed, it is well known that the stochastic con-
tribution to the nonlinear P�(t, k) arising from clustering
behaves as k

4 rather than k
0 at low k. This is a con-

sequence of mass and momentum conservation (see [11],
chapter 28). A white-noise contribution / k

0, would im-
ply that starting from the same initial matter density

power spectrum of field, peaked at
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'(t,x) light, but non-relativistic scalar field during rad. dom.

       holds for field produced after inflation
<latexit sha1_base64="+Bh2wKkfkmDE8sBz8u3n9jYophY=">AAACAXicbVDLSsNAFJ34rPUVdSO4GVqEqlASwcey6KbLCvYBTQiT6aQdOpOEmYkQQt34C36CGxeKuPUv3PVvnLRdaOuByxzOuZc79/gxo1JZ1thYWl5ZXVsvbBQ3t7Z3ds29/ZaMEoFJE0csEh0fScJoSJqKKkY6sSCI+4y0/eFt7rcfiJA0Cu9VGhOXo35IA4qR0pJnHqKKOqnrchiDQ+80f3KJe2bZqloTwEViz0i5VnLOnse1tOGZ304vwgknocIMSdm1rVi5GRKKYkZGRSeRJEZ4iPqkq2mIOJFuNrlgBI+10oNBJHSFCk7U3xMZ4lKm3NedHKmBnPdy8T+vm6jg2s1oGCeKhHi6KEgYVBHM44A9KghWLNUEYUH1XyEeIIGw0qEVdQj2/MmLpHVetS+rF3c6jRswRQEcgRKoABtcgRqogwZoAgwewQt4A+/Gk/FqfBif09YlYzZzAP7A+PoBnlKYEg==</latexit>

a(t)H(t) ⌧ k⇤ ⌧ a(t)m
<latexit sha1_base64="+Bh2wKkfkmDE8sBz8u3n9jYophY=">AAACAXicbVDLSsNAFJ34rPUVdSO4GVqEqlASwcey6KbLCvYBTQiT6aQdOpOEmYkQQt34C36CGxeKuPUv3PVvnLRdaOuByxzOuZc79/gxo1JZ1thYWl5ZXVsvbBQ3t7Z3ds29/ZaMEoFJE0csEh0fScJoSJqKKkY6sSCI+4y0/eFt7rcfiJA0Cu9VGhOXo35IA4qR0pJnHqKKOqnrchiDQ+80f3KJe2bZqloTwEViz0i5VnLOns e1tOGZ304vwgknocIMSdm1rVi5GRKKYkZGRSeRJEZ4iPqkq2mIOJFuNrlgBI+10oNBJHSFCk7U3xMZ4lKm3NedHKmBnPdy8T+vm6jg2s1oGCeKhHi6KEgYVBHM44A9KghWLNUEYUH1XyEeIIGw0qEVdQj2/MmLpHVetS+rF3c6jRswRQEcgRKoABtcgRqogwZoAgwewQt4A+/Gk/FqfBif09YlYzZzAP7A+PoBnlKYEg==</latexit>

a(t)H(t) ⌧ k⇤ ⌧ a(t)m eventually non-relativistic to be DM
Note: no significant zero mode of the field!
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We argue that there is a lower bound of order 10�18 eV on dark matter mass if it is produced
after inflation via a process with finite correlation length.

I. INTRODUCTION

Dark matter is essential to our understanding of the
cosmos – from the astrophysical scales relevant for dwarf
galaxies to the cosmological scales in the Cosmic Mi-
crowave Background (CMB) [1]. Dark matter makes up
approximately 84% of the non-relativistic matter in our
cosmos [2]. Its detailed nature, however, is not well un-
derstood. For example, the mass or spin of dark matter
particles is not known, and we have yet to confirm any
non-gravitational interactions of dark matter. Further-
more, we do not have a unique formation mechanism for
dark matter in the early universe. Given the relevance of
dark matter to our understanding of the cosmos, any rel-
atively model-independent constraint on some of its mi-
croscopic properties would be valuable. In this letter, we
provide such a relatively model-independent lower bound
on the mass of dark matter particles.

An approximately scale invariant initial power spec-
trum of dark matter density fluctuations for comoving
wavenumbers k < kobs ⇠ 10 Mpc�1 is consistent with
current observations [3, 4]. We use two e↵ects, (1) excess
white noise power and (2) suppression of power due to
free-steaming, to provide a relatively model-independent
lower bound on the mass of the dark matter particles
produced after inflation, m & 10�18 eV. The bound is
independent of the nature of the field (scalar, vector, ten-
sor etc.) and details of the post-inflationary production
mechanism, but assumes this field constitutes all of dark
matter and interacts only gravitationally after produc-
tion. With more details of the production mechanism
included, the bound can be strengthened further. Our
lower bound is at least 1-2 orders of magnitude stronger
than that due to the finite Jeans scale in fuzzy dark mat-
ter [3, 5]. It is comparable to the recent bound due to
dynamical heating of stars in ultra-faint white dwarfs [6].
Our bound is more general, but weaker than the one
of [7, 8], who use a model-specific version of (1) alone.
Based on inferred quasar spins and hence lack of super-
radiance, [9] also claims a stronger bound on the mass
than ours.

To demonstrate our idea, we provide a concrete exam-
ple of scalar field dark matter. We set ~ = c = 1.
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II. WHITE NOISE

Consider a scalar field, '(t,x) of mass m, that gets
excited at time ti after inflation with Heq ⌧ m < Hi.
For now, let us neglect the inflationary adiabatic fluctu-
ations. Then, the correlation length of the excitations is
expected to be subhorizon because of causality. Near
matter-radiation equality, the matter density is given
by[10]

⇢̄(t) ⇡ m
2

Z
d ln q

q
3

2⇡2
P'(t, q) , (1)

where integration over all momenta (without a UV cut-
o↵) is a justifiable approximation because by this time
the integral must be dominated by momenta much less
than ma(t). Meanwhile, since Heq ⌧ Hi, the main con-
tribution comes from momenta much larger than keq. For
simplicity, we take it to be a single scale k⇤. Because of
the finite correlation length, at momenta k ⌧ k⇤ there
is a white-noise contribution to the spectrum of the frac-
tional density perturbation �. The isocurvature transfer
function is close to one and we can approximate

P
(iso)
� (t, k) ⇡

m
4

⇢̄2(t)

Z
d ln q

q
3

2⇡2
[P'(q, t)]2 ⌘

2⇡
2

k
3
nl

. (2)

knl is understood as being defined by the above equa-
tion. With a single scale in the problem, we expect a
time-independent knl ⇠ k⇤. Further details of the order
unity isocurvature transfer function can be found in the
supplementary material (V F).

We stress that despite the suggestive subscript, knl

only parametrizes the slope of the white-noise part of
the density power spectrum at su�ciently small k. It is
not necessarily the location in k space where the density
perturbations become nonlinear. Furthermore, while not
necessary for the following sections, a parameterization
of knl ⇠ k⇤ in terms of the time and lengthscale asso-
ciated with the production mechanism, and mass m, is
provided in the supplementary material section (V A).

The reader who is familiar with the theory of struc-
ture formation might be skeptical about this flat spec-
trum. Indeed, it is well known that the stochastic con-
tribution to the nonlinear P�(t, k) arising from clustering
behaves as k

4 rather than k
0 at low k. This is a con-

sequence of mass and momentum conservation (see [11],
chapter 28). A white-noise contribution / k

0, would im-
ply that starting from the same initial matter density
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examples of models that can produce such spectra

Note: no significant zero mode of the field!
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We argue that there is a lower bound of order 10�18 eV on dark matter mass if it is produced
after inflation via a process with finite correlation length.

I. INTRODUCTION

Dark matter is essential to our understanding of the
cosmos – from the astrophysical scales relevant for dwarf
galaxies to the cosmological scales in the Cosmic Mi-
crowave Background (CMB) [1]. Dark matter makes up
approximately 84% of the non-relativistic matter in our
cosmos [2]. Its detailed nature, however, is not well un-
derstood. For example, the mass or spin of dark matter
particles is not known, and we have yet to confirm any
non-gravitational interactions of dark matter. Further-
more, we do not have a unique formation mechanism for
dark matter in the early universe. Given the relevance of
dark matter to our understanding of the cosmos, any rel-
atively model-independent constraint on some of its mi-
croscopic properties would be valuable. In this letter, we
provide such a relatively model-independent lower bound
on the mass of dark matter particles.

An approximately scale invariant initial power spec-
trum of dark matter density fluctuations for comoving
wavenumbers k < kobs ⇠ 10 Mpc�1 is consistent with
current observations [3, 4]. We use two e↵ects, (1) excess
white noise power and (2) suppression of power due to
free-steaming, to provide a relatively model-independent
lower bound on the mass of the dark matter particles
produced after inflation, m & 10�18 eV. The bound is
independent of the nature of the field (scalar, vector, ten-
sor etc.) and details of the post-inflationary production
mechanism, but assumes this field constitutes all of dark
matter and interacts only gravitationally after produc-
tion. With more details of the production mechanism
included, the bound can be strengthened further. Our
lower bound is at least 1-2 orders of magnitude stronger
than that due to the finite Jeans scale in fuzzy dark mat-
ter [3, 5]. It is comparable to the recent bound due to
dynamical heating of stars in ultra-faint white dwarfs [6].
Our bound is more general, but weaker than the one
of [7, 8], who use a model-specific version of (1) alone.
Based on inferred quasar spins and hence lack of super-
radiance, [9] also claims a stronger bound on the mass
than ours.

To demonstrate our idea, we provide a concrete exam-
ple of scalar field dark matter. We set ~ = c = 1.
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II. WHITE NOISE

Consider a scalar field, '(t,x) of mass m, that gets
excited at time ti after inflation with Heq ⌧ m < Hi.
For now, let us neglect the inflationary adiabatic fluctu-
ations. Then, the correlation length of the excitations is
expected to be subhorizon because of causality. Near
matter-radiation equality, the matter density is given
by[10]

⇢̄(t) ⇡ m
2

Z
d ln q

q
3

2⇡2
P'(t, q) , (1)

where integration over all momenta (without a UV cut-
o↵) is a justifiable approximation because by this time
the integral must be dominated by momenta much less
than ma(t). Meanwhile, since Heq ⌧ Hi, the main con-
tribution comes from momenta much larger than keq. For
simplicity, we take it to be a single scale k⇤. Because of
the finite correlation length, at momenta k ⌧ k⇤ there
is a white-noise contribution to the spectrum of the frac-
tional density perturbation �. The isocurvature transfer
function is close to one and we can approximate
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(iso)
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[P'(q, t)]2 ⌘

2⇡
2

k
3
nl

. (2)

knl is understood as being defined by the above equa-
tion. With a single scale in the problem, we expect a
time-independent knl ⇠ k⇤. Further details of the order
unity isocurvature transfer function can be found in the
supplementary material (V F).

We stress that despite the suggestive subscript, knl

only parametrizes the slope of the white-noise part of
the density power spectrum at su�ciently small k. It is
not necessarily the location in k space where the density
perturbations become nonlinear. Furthermore, while not
necessary for the following sections, a parameterization
of knl ⇠ k⇤ in terms of the time and lengthscale asso-
ciated with the production mechanism, and mass m, is
provided in the supplementary material section (V A).

The reader who is familiar with the theory of struc-
ture formation might be skeptical about this flat spec-
trum. Indeed, it is well known that the stochastic con-
tribution to the nonlinear P�(t, k) arising from clustering
behaves as k

4 rather than k
0 at low k. This is a con-

sequence of mass and momentum conservation (see [11],
chapter 28). A white-noise contribution / k

0, would im-
ply that starting from the same initial matter density
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inflationary gravitational particle production 

- dark photon dark matter

- scalars with non-minimal coupling

- gravitational production minimal coupling

non-gravitational production after inflation 

phase transitions

- axion-like fields (including QCD)

resonant/tachyonic energy transfer from fields, strings

- eg. dark photon dark matter

also works for thermal production, but nothing new there
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We argue that there is a lower bound of order 10�18 eV on dark matter mass if it is produced
after inflation via a process with finite correlation length.

I. INTRODUCTION

Dark matter is essential to our understanding of the
cosmos – from the astrophysical scales relevant for dwarf
galaxies to the cosmological scales in the Cosmic Mi-
crowave Background (CMB) [1]. Dark matter makes up
approximately 84% of the non-relativistic matter in our
cosmos [2]. Its detailed nature, however, is not well un-
derstood. For example, the mass or spin of dark matter
particles is not known, and we have yet to confirm any
non-gravitational interactions of dark matter. Further-
more, we do not have a unique formation mechanism for
dark matter in the early universe. Given the relevance of
dark matter to our understanding of the cosmos, any rel-
atively model-independent constraint on some of its mi-
croscopic properties would be valuable. In this letter, we
provide such a relatively model-independent lower bound
on the mass of dark matter particles.

An approximately scale invariant initial power spec-
trum of dark matter density fluctuations for comoving
wavenumbers k < kobs ⇠ 10 Mpc�1 is consistent with
current observations [3, 4]. We use two e↵ects, (1) excess
white noise power and (2) suppression of power due to
free-steaming, to provide a relatively model-independent
lower bound on the mass of the dark matter particles
produced after inflation, m & 10�18 eV. The bound is
independent of the nature of the field (scalar, vector, ten-
sor etc.) and details of the post-inflationary production
mechanism, but assumes this field constitutes all of dark
matter and interacts only gravitationally after produc-
tion. With more details of the production mechanism
included, the bound can be strengthened further. Our
lower bound is at least 1-2 orders of magnitude stronger
than that due to the finite Jeans scale in fuzzy dark mat-
ter [3, 5]. It is comparable to the recent bound due to
dynamical heating of stars in ultra-faint white dwarfs [6].
Our bound is more general, but weaker than the one
of [7, 8], who use a model-specific version of (1) alone.
Based on inferred quasar spins and hence lack of super-
radiance, [9] also claims a stronger bound on the mass
than ours.

To demonstrate our idea, we provide a concrete exam-
ple of scalar field dark matter. We set ~ = c = 1.

⇤ mustafa.a.amin@rice.edu
† mehrdad.mirbabayi@gmail.com

II. WHITE NOISE

Consider a scalar field, '(t,x) of mass m, that gets
excited at time ti after inflation with Heq ⌧ m < Hi.
For now, let us neglect the inflationary adiabatic fluctu-
ations. Then, the correlation length of the excitations is
expected to be subhorizon because of causality. Near
matter-radiation equality, the matter density is given
by[10]

⇢̄(t) ⇡ m
2

Z
d ln q

q
3

2⇡2
P'(t, q) , (1)

where integration over all momenta (without a UV cut-
o↵) is a justifiable approximation because by this time
the integral must be dominated by momenta much less
than ma(t). Meanwhile, since Heq ⌧ Hi, the main con-
tribution comes from momenta much larger than keq. For
simplicity, we take it to be a single scale k⇤. Because of
the finite correlation length, at momenta k ⌧ k⇤ there
is a white-noise contribution to the spectrum of the frac-
tional density perturbation �. The isocurvature transfer
function is close to one and we can approximate

P
(iso)
� (t, k) ⇡

m
4

⇢̄2(t)

Z
d ln q

q
3

2⇡2
[P'(q, t)]2 ⌘

2⇡
2

k
3
nl

. (2)

knl is understood as being defined by the above equa-
tion. With a single scale in the problem, we expect a
time-independent knl ⇠ k⇤. Further details of the order
unity isocurvature transfer function can be found in the
supplementary material (V F).

We stress that despite the suggestive subscript, knl

only parametrizes the slope of the white-noise part of
the density power spectrum at su�ciently small k. It is
not necessarily the location in k space where the density
perturbations become nonlinear. Furthermore, while not
necessary for the following sections, a parameterization
of knl ⇠ k⇤ in terms of the time and lengthscale asso-
ciated with the production mechanism, and mass m, is
provided in the supplementary material section (V A).

The reader who is familiar with the theory of struc-
ture formation might be skeptical about this flat spec-
trum. Indeed, it is well known that the stochastic con-
tribution to the nonlinear P�(t, k) arising from clustering
behaves as k

4 rather than k
0 at low k. This is a con-

sequence of mass and momentum conservation (see [11],
chapter 28). A white-noise contribution / k

0, would im-
ply that starting from the same initial matter density
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*ignore gravitational potentials on these scales during radiation domination
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lower bound is at least 1-2 orders of magnitude stronger
than that due to the finite Jeans scale in fuzzy dark mat-
ter [3, 5]. It is comparable to the recent bound due to
dynamical heating of stars in ultra-faint white dwarfs [6].
Our bound is more general, but weaker than the one
of [7, 8], who use a model-specific version of (1) alone.
Based on inferred quasar spins and hence lack of super-
radiance, [9] also claims a stronger bound on the mass
than ours.

To demonstrate our idea, we provide a concrete exam-
ple of scalar field dark matter. We set ~ = c = 1.
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II. WHITE NOISE

Consider a scalar field, '(t,x) of mass m, that gets
excited at time ti after inflation with Heq ⌧ m < Hi.
For now, let us neglect the inflationary adiabatic fluctu-
ations. Then, the correlation length of the excitations is
expected to be subhorizon because of causality. Near
matter-radiation equality, the matter density is given
by[10]

⇢̄(t) ⇡ m
2

Z
d ln q

q
3

2⇡2
P'(t, q) , (1)

where integration over all momenta (without a UV cut-
o↵) is a justifiable approximation because by this time
the integral must be dominated by momenta much less
than ma(t). Meanwhile, since Heq ⌧ Hi, the main con-
tribution comes from momenta much larger than keq. For
simplicity, we take it to be a single scale k⇤. Because of
the finite correlation length, at momenta k ⌧ k⇤ there
is a white-noise contribution to the spectrum of the frac-
tional density perturbation �. The isocurvature transfer
function is close to one and we can approximate

P
(iso)
� (t, k) ⇡

m
4

⇢̄2(t)

Z
d ln q

q
3

2⇡2
[P'(q, t)]2 ⌘

2⇡
2

k
3
nl

. (2)

knl is understood as being defined by the above equa-
tion. With a single scale in the problem, we expect a
time-independent knl ⇠ k⇤. Further details of the order
unity isocurvature transfer function can be found in the
supplementary material (V F).

We stress that despite the suggestive subscript, knl

only parametrizes the slope of the white-noise part of
the density power spectrum at su�ciently small k. It is
not necessarily the location in k space where the density
perturbations become nonlinear. Furthermore, while not
necessary for the following sections, a parameterization
of knl ⇠ k⇤ in terms of the time and lengthscale asso-
ciated with the production mechanism, and mass m, is
provided in the supplementary material section (V A).

The reader who is familiar with the theory of struc-
ture formation might be skeptical about this flat spec-
trum. Indeed, it is well known that the stochastic con-
tribution to the nonlinear P�(t, k) arising from clustering
behaves as k

4 rather than k
0 at low k. This is a con-

sequence of mass and momentum conservation (see [11],
chapter 28). A white-noise contribution / k

0, would im-
ply that starting from the same initial matter density
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We argue that there is a lower bound of order 10�18 eV on dark matter mass if it is produced
after inflation via a process with finite correlation length.

I. INTRODUCTION

Dark matter is essential to our understanding of the
cosmos – from the astrophysical scales relevant for dwarf
galaxies to the cosmological scales in the Cosmic Mi-
crowave Background (CMB) [1]. Dark matter makes up
approximately 84% of the non-relativistic matter in our
cosmos [2]. Its detailed nature, however, is not well un-
derstood. For example, the mass or spin of dark matter
particles is not known, and we have yet to confirm any
non-gravitational interactions of dark matter. Further-
more, we do not have a unique formation mechanism for
dark matter in the early universe. Given the relevance of
dark matter to our understanding of the cosmos, any rel-
atively model-independent constraint on some of its mi-
croscopic properties would be valuable. In this letter, we
provide such a relatively model-independent lower bound
on the mass of dark matter particles.

An approximately scale invariant initial power spec-
trum of dark matter density fluctuations for comoving
wavenumbers k < kobs ⇠ 10 Mpc�1 is consistent with
current observations [3, 4]. We use two e↵ects, (1) excess
white noise power and (2) suppression of power due to
free-steaming, to provide a relatively model-independent
lower bound on the mass of the dark matter particles
produced after inflation, m & 10�18 eV. The bound is
independent of the nature of the field (scalar, vector, ten-
sor etc.) and details of the post-inflationary production
mechanism, but assumes this field constitutes all of dark
matter and interacts only gravitationally after produc-
tion. With more details of the production mechanism
included, the bound can be strengthened further. Our
lower bound is at least 1-2 orders of magnitude stronger
than that due to the finite Jeans scale in fuzzy dark mat-
ter [3, 5]. It is comparable to the recent bound due to
dynamical heating of stars in ultra-faint white dwarfs [6].
Our bound is more general, but weaker than the one
of [7, 8], who use a model-specific version of (1) alone.
Based on inferred quasar spins and hence lack of super-
radiance, [9] also claims a stronger bound on the mass
than ours.

To demonstrate our idea, we provide a concrete exam-
ple of scalar field dark matter. We set ~ = c = 1.
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II. WHITE NOISE

Consider a scalar field, '(t,x) of mass m, that gets
excited at time ti after inflation with Heq ⌧ m < Hi.
For now, let us neglect the inflationary adiabatic fluctu-
ations. Then, the correlation length of the excitations is
expected to be subhorizon because of causality. Near
matter-radiation equality, the matter density is given
by[10]

⇢̄(t) ⇡ m
2

Z
d ln q

q
3

2⇡2
P'(t, q) , (1)

where integration over all momenta (without a UV cut-
o↵) is a justifiable approximation because by this time
the integral must be dominated by momenta much less
than ma(t). Meanwhile, since Heq ⌧ Hi, the main con-
tribution comes from momenta much larger than keq. For
simplicity, we take it to be a single scale k⇤. Because of
the finite correlation length, at momenta k ⌧ k⇤ there
is a white-noise contribution to the spectrum of the frac-
tional density perturbation �. The isocurvature transfer
function is close to one and we can approximate

P
(iso)
� (t, k) ⇡

m
4

⇢̄2(t)

Z
d ln q

q
3

2⇡2
[P'(q, t)]2 ⌘

2⇡
2

k
3
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. (2)

knl is understood as being defined by the above equa-
tion. With a single scale in the problem, we expect a
time-independent knl ⇠ k⇤. Further details of the order
unity isocurvature transfer function can be found in the
supplementary material (V F).

We stress that despite the suggestive subscript, knl

only parametrizes the slope of the white-noise part of
the density power spectrum at su�ciently small k. It is
not necessarily the location in k space where the density
perturbations become nonlinear. Furthermore, while not
necessary for the following sections, a parameterization
of knl ⇠ k⇤ in terms of the time and lengthscale asso-
ciated with the production mechanism, and mass m, is
provided in the supplementary material section (V A).

The reader who is familiar with the theory of struc-
ture formation might be skeptical about this flat spec-
trum. Indeed, it is well known that the stochastic con-
tribution to the nonlinear P�(t, k) arising from clustering
behaves as k

4 rather than k
0 at low k. This is a con-

sequence of mass and momentum conservation (see [11],
chapter 28). A white-noise contribution / k

0, would im-
ply that starting from the same initial matter density
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We argue that there is a lower bound of order 10�18 eV on dark matter mass if it is produced
after inflation via a process with finite correlation length.

I. INTRODUCTION

Dark matter is essential to our understanding of the
cosmos – from the astrophysical scales relevant for dwarf
galaxies to the cosmological scales in the Cosmic Mi-
crowave Background (CMB) [1]. Dark matter makes up
approximately 84% of the non-relativistic matter in our
cosmos [2]. Its detailed nature, however, is not well un-
derstood. For example, the mass or spin of dark matter
particles is not known, and we have yet to confirm any
non-gravitational interactions of dark matter. Further-
more, we do not have a unique formation mechanism for
dark matter in the early universe. Given the relevance of
dark matter to our understanding of the cosmos, any rel-
atively model-independent constraint on some of its mi-
croscopic properties would be valuable. In this letter, we
provide such a relatively model-independent lower bound
on the mass of dark matter particles.

An approximately scale invariant initial power spec-
trum of dark matter density fluctuations for comoving
wavenumbers k < kobs ⇠ 10 Mpc�1 is consistent with
current observations [3, 4]. We use two e↵ects, (1) excess
white noise power and (2) suppression of power due to
free-steaming, to provide a relatively model-independent
lower bound on the mass of the dark matter particles
produced after inflation, m & 10�18 eV. The bound is
independent of the nature of the field (scalar, vector, ten-
sor etc.) and details of the post-inflationary production
mechanism, but assumes this field constitutes all of dark
matter and interacts only gravitationally after produc-
tion. With more details of the production mechanism
included, the bound can be strengthened further. Our
lower bound is at least 1-2 orders of magnitude stronger
than that due to the finite Jeans scale in fuzzy dark mat-
ter [3, 5]. It is comparable to the recent bound due to
dynamical heating of stars in ultra-faint white dwarfs [6].
Our bound is more general, but weaker than the one
of [7, 8], who use a model-specific version of (1) alone.
Based on inferred quasar spins and hence lack of super-
radiance, [9] also claims a stronger bound on the mass
than ours.

To demonstrate our idea, we provide a concrete exam-
ple of scalar field dark matter. We set ~ = c = 1.
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II. WHITE NOISE

Consider a scalar field, '(t,x) of mass m, that gets
excited at time ti after inflation with Heq ⌧ m < Hi.
For now, let us neglect the inflationary adiabatic fluctu-
ations. Then, the correlation length of the excitations is
expected to be subhorizon because of causality. Near
matter-radiation equality, the matter density is given
by[10]

⇢̄(t) ⇡ m
2

Z
d ln q

q
3

2⇡2
P'(t, q) , (1)

where integration over all momenta (without a UV cut-
o↵) is a justifiable approximation because by this time
the integral must be dominated by momenta much less
than ma(t). Meanwhile, since Heq ⌧ Hi, the main con-
tribution comes from momenta much larger than keq. For
simplicity, we take it to be a single scale k⇤. Because of
the finite correlation length, at momenta k ⌧ k⇤ there
is a white-noise contribution to the spectrum of the frac-
tional density perturbation �. The isocurvature transfer
function is close to one and we can approximate

P
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knl is understood as being defined by the above equa-
tion. With a single scale in the problem, we expect a
time-independent knl ⇠ k⇤. Further details of the order
unity isocurvature transfer function can be found in the
supplementary material (V F).

We stress that despite the suggestive subscript, knl

only parametrizes the slope of the white-noise part of
the density power spectrum at su�ciently small k. It is
not necessarily the location in k space where the density
perturbations become nonlinear. Furthermore, while not
necessary for the following sections, a parameterization
of knl ⇠ k⇤ in terms of the time and lengthscale asso-
ciated with the production mechanism, and mass m, is
provided in the supplementary material section (V A).

The reader who is familiar with the theory of struc-
ture formation might be skeptical about this flat spec-
trum. Indeed, it is well known that the stochastic con-
tribution to the nonlinear P�(t, k) arising from clustering
behaves as k

4 rather than k
0 at low k. This is a con-

sequence of mass and momentum conservation (see [11],
chapter 28). A white-noise contribution / k

0, would im-
ply that starting from the same initial matter density
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We argue that there is a lower bound of order 10�18 eV on dark matter mass if it is produced
after inflation via a process with finite correlation length.

I. INTRODUCTION

Dark matter is essential to our understanding of the
cosmos – from the astrophysical scales relevant for dwarf
galaxies to the cosmological scales in the Cosmic Mi-
crowave Background (CMB) [1]. Dark matter makes up
approximately 84% of the non-relativistic matter in our
cosmos [2]. Its detailed nature, however, is not well un-
derstood. For example, the mass or spin of dark matter
particles is not known, and we have yet to confirm any
non-gravitational interactions of dark matter. Further-
more, we do not have a unique formation mechanism for
dark matter in the early universe. Given the relevance of
dark matter to our understanding of the cosmos, any rel-
atively model-independent constraint on some of its mi-
croscopic properties would be valuable. In this letter, we
provide such a relatively model-independent lower bound
on the mass of dark matter particles.

An approximately scale invariant initial power spec-
trum of dark matter density fluctuations for comoving
wavenumbers k < kobs ⇠ 10 Mpc�1 is consistent with
current observations [3, 4]. We use two e↵ects, (1) excess
white noise power and (2) suppression of power due to
free-steaming, to provide a relatively model-independent
lower bound on the mass of the dark matter particles
produced after inflation, m & 10�18 eV. The bound is
independent of the nature of the field (scalar, vector, ten-
sor etc.) and details of the post-inflationary production
mechanism, but assumes this field constitutes all of dark
matter and interacts only gravitationally after produc-
tion. With more details of the production mechanism
included, the bound can be strengthened further. Our
lower bound is at least 1-2 orders of magnitude stronger
than that due to the finite Jeans scale in fuzzy dark mat-
ter [3, 5]. It is comparable to the recent bound due to
dynamical heating of stars in ultra-faint white dwarfs [6].
Our bound is more general, but weaker than the one
of [7, 8], who use a model-specific version of (1) alone.
Based on inferred quasar spins and hence lack of super-
radiance, [9] also claims a stronger bound on the mass
than ours.

To demonstrate our idea, we provide a concrete exam-
ple of scalar field dark matter. We set ~ = c = 1.

⇤ mustafa.a.amin@rice.edu
† mehrdad.mirbabayi@gmail.com

II. WHITE NOISE

Consider a scalar field, '(t,x) of mass m, that gets
excited at time ti after inflation with Heq ⌧ m < Hi.
For now, let us neglect the inflationary adiabatic fluctu-
ations. Then, the correlation length of the excitations is
expected to be subhorizon because of causality. Near
matter-radiation equality, the matter density is given
by[10]

⇢̄(t) ⇡ m
2

Z
d ln q

q
3

2⇡2
P'(t, q) , (1)

where integration over all momenta (without a UV cut-
o↵) is a justifiable approximation because by this time
the integral must be dominated by momenta much less
than ma(t). Meanwhile, since Heq ⌧ Hi, the main con-
tribution comes from momenta much larger than keq. For
simplicity, we take it to be a single scale k⇤. Because of
the finite correlation length, at momenta k ⌧ k⇤ there
is a white-noise contribution to the spectrum of the frac-
tional density perturbation �. The isocurvature transfer
function is close to one and we can approximate

P
(iso)
� (t, k) ⇡

m
4

⇢̄2(t)

Z
d ln q

q
3

2⇡2
[P'(q, t)]2 ⌘

2⇡
2

k
3
nl

. (2)

knl is understood as being defined by the above equa-
tion. With a single scale in the problem, we expect a
time-independent knl ⇠ k⇤. Further details of the order
unity isocurvature transfer function can be found in the
supplementary material (V F).

We stress that despite the suggestive subscript, knl

only parametrizes the slope of the white-noise part of
the density power spectrum at su�ciently small k. It is
not necessarily the location in k space where the density
perturbations become nonlinear. Furthermore, while not
necessary for the following sections, a parameterization
of knl ⇠ k⇤ in terms of the time and lengthscale asso-
ciated with the production mechanism, and mass m, is
provided in the supplementary material section (V A).

The reader who is familiar with the theory of struc-
ture formation might be skeptical about this flat spec-
trum. Indeed, it is well known that the stochastic con-
tribution to the nonlinear P�(t, k) arising from clustering
behaves as k

4 rather than k
0 at low k. This is a con-

sequence of mass and momentum conservation (see [11],
chapter 28). A white-noise contribution / k

0, would im-
ply that starting from the same initial matter density
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We argue that there is a lower bound of order 10�18 eV on dark matter mass if it is produced
after inflation via a process with finite correlation length.

I. INTRODUCTION

Dark matter is essential to our understanding of the
cosmos – from the astrophysical scales relevant for dwarf
galaxies to the cosmological scales in the Cosmic Mi-
crowave Background (CMB) [1]. Dark matter makes up
approximately 84% of the non-relativistic matter in our
cosmos [2]. Its detailed nature, however, is not well un-
derstood. For example, the mass or spin of dark matter
particles is not known, and we have yet to confirm any
non-gravitational interactions of dark matter. Further-
more, we do not have a unique formation mechanism for
dark matter in the early universe. Given the relevance of
dark matter to our understanding of the cosmos, any rel-
atively model-independent constraint on some of its mi-
croscopic properties would be valuable. In this letter, we
provide such a relatively model-independent lower bound
on the mass of dark matter particles.

An approximately scale invariant initial power spec-
trum of dark matter density fluctuations for comoving
wavenumbers k < kobs ⇠ 10 Mpc�1 is consistent with
current observations [3, 4]. We use two e↵ects, (1) excess
white noise power and (2) suppression of power due to
free-steaming, to provide a relatively model-independent
lower bound on the mass of the dark matter particles
produced after inflation, m & 10�18 eV. The bound is
independent of the nature of the field (scalar, vector, ten-
sor etc.) and details of the post-inflationary production
mechanism, but assumes this field constitutes all of dark
matter and interacts only gravitationally after produc-
tion. With more details of the production mechanism
included, the bound can be strengthened further. Our
lower bound is at least 1-2 orders of magnitude stronger
than that due to the finite Jeans scale in fuzzy dark mat-
ter [3, 5]. It is comparable to the recent bound due to
dynamical heating of stars in ultra-faint white dwarfs [6].
Our bound is more general, but weaker than the one
of [7, 8], who use a model-specific version of (1) alone.
Based on inferred quasar spins and hence lack of super-
radiance, [9] also claims a stronger bound on the mass
than ours.

To demonstrate our idea, we provide a concrete exam-
ple of scalar field dark matter. We set ~ = c = 1.

⇤ mustafa.a.amin@rice.edu
† mehrdad.mirbabayi@gmail.com

II. WHITE NOISE

Consider a scalar field, '(t,x) of mass m, that gets
excited at time ti after inflation with Heq ⌧ m < Hi.
For now, let us neglect the inflationary adiabatic fluctu-
ations. Then, the correlation length of the excitations is
expected to be subhorizon because of causality. Near
matter-radiation equality, the matter density is given
by[10]

⇢̄(t) ⇡ m
2

Z
d ln q

q
3

2⇡2
P'(t, q) , (1)

where integration over all momenta (without a UV cut-
o↵) is a justifiable approximation because by this time
the integral must be dominated by momenta much less
than ma(t). Meanwhile, since Heq ⌧ Hi, the main con-
tribution comes from momenta much larger than keq. For
simplicity, we take it to be a single scale k⇤. Because of
the finite correlation length, at momenta k ⌧ k⇤ there
is a white-noise contribution to the spectrum of the frac-
tional density perturbation �. The isocurvature transfer
function is close to one and we can approximate

P
(iso)
� (t, k) ⇡

m
4

⇢̄2(t)

Z
d ln q

q
3

2⇡2
[P'(q, t)]2 ⌘

2⇡
2

k
3
nl

. (2)

knl is understood as being defined by the above equa-
tion. With a single scale in the problem, we expect a
time-independent knl ⇠ k⇤. Further details of the order
unity isocurvature transfer function can be found in the
supplementary material (V F).

We stress that despite the suggestive subscript, knl

only parametrizes the slope of the white-noise part of
the density power spectrum at su�ciently small k. It is
not necessarily the location in k space where the density
perturbations become nonlinear. Furthermore, while not
necessary for the following sections, a parameterization
of knl ⇠ k⇤ in terms of the time and lengthscale asso-
ciated with the production mechanism, and mass m, is
provided in the supplementary material section (V A).

The reader who is familiar with the theory of struc-
ture formation might be skeptical about this flat spec-
trum. Indeed, it is well known that the stochastic con-
tribution to the nonlinear P�(t, k) arising from clustering
behaves as k

4 rather than k
0 at low k. This is a con-

sequence of mass and momentum conservation (see [11],
chapter 28). A white-noise contribution / k

0, would im-
ply that starting from the same initial matter density
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*main idea is mostly “straightforward”, but the detailed calculation is not — see MA & Mirbabayi (2022)’s Appendix.
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We argue that there is a lower bound of order 10�18 eV on dark matter mass if it is produced
after inflation via a process with finite correlation length.

I. INTRODUCTION

Dark matter is essential to our understanding of the
cosmos – from the astrophysical scales relevant for dwarf
galaxies to the cosmological scales in the Cosmic Mi-
crowave Background (CMB) [1]. Dark matter makes up
approximately 84% of the non-relativistic matter in our
cosmos [2]. Its detailed nature, however, is not well un-
derstood. For example, the mass or spin of dark matter
particles is not known, and we have yet to confirm any
non-gravitational interactions of dark matter. Further-
more, we do not have a unique formation mechanism for
dark matter in the early universe. Given the relevance of
dark matter to our understanding of the cosmos, any rel-
atively model-independent constraint on some of its mi-
croscopic properties would be valuable. In this letter, we
provide such a relatively model-independent lower bound
on the mass of dark matter particles.

An approximately scale invariant initial power spec-
trum of dark matter density fluctuations for comoving
wavenumbers k < kobs ⇠ 10 Mpc�1 is consistent with
current observations [3, 4]. We use two e↵ects, (1) excess
white noise power and (2) suppression of power due to
free-steaming, to provide a relatively model-independent
lower bound on the mass of the dark matter particles
produced after inflation, m & 10�18 eV. The bound is
independent of the nature of the field (scalar, vector, ten-
sor etc.) and details of the post-inflationary production
mechanism, but assumes this field constitutes all of dark
matter and interacts only gravitationally after produc-
tion. With more details of the production mechanism
included, the bound can be strengthened further. Our
lower bound is at least 1-2 orders of magnitude stronger
than that due to the finite Jeans scale in fuzzy dark mat-
ter [3, 5]. It is comparable to the recent bound due to
dynamical heating of stars in ultra-faint white dwarfs [6].
Our bound is more general, but weaker than the one
of [7, 8], who use a model-specific version of (1) alone.
Based on inferred quasar spins and hence lack of super-
radiance, [9] also claims a stronger bound on the mass
than ours.

To demonstrate our idea, we provide a concrete exam-
ple of scalar field dark matter. We set ~ = c = 1.

⇤ mustafa.a.amin@rice.edu
† mehrdad.mirbabayi@gmail.com

II. WHITE NOISE

Consider a scalar field, '(t,x) of mass m, that gets
excited at time ti after inflation with Heq ⌧ m < Hi.
For now, let us neglect the inflationary adiabatic fluctu-
ations. Then, the correlation length of the excitations is
expected to be subhorizon because of causality. Near
matter-radiation equality, the matter density is given
by[10]

⇢̄(t) ⇡ m
2

Z
d ln q

q
3

2⇡2
P'(t, q) , (1)

where integration over all momenta (without a UV cut-
o↵) is a justifiable approximation because by this time
the integral must be dominated by momenta much less
than ma(t). Meanwhile, since Heq ⌧ Hi, the main con-
tribution comes from momenta much larger than keq. For
simplicity, we take it to be a single scale k⇤. Because of
the finite correlation length, at momenta k ⌧ k⇤ there
is a white-noise contribution to the spectrum of the frac-
tional density perturbation �. The isocurvature transfer
function is close to one and we can approximate

P
(iso)
� (t, k) ⇡

m
4

⇢̄2(t)

Z
d ln q

q
3

2⇡2
[P'(q, t)]2 ⌘

2⇡
2

k
3
nl

. (2)

knl is understood as being defined by the above equa-
tion. With a single scale in the problem, we expect a
time-independent knl ⇠ k⇤. Further details of the order
unity isocurvature transfer function can be found in the
supplementary material (V F).

We stress that despite the suggestive subscript, knl

only parametrizes the slope of the white-noise part of
the density power spectrum at su�ciently small k. It is
not necessarily the location in k space where the density
perturbations become nonlinear. Furthermore, while not
necessary for the following sections, a parameterization
of knl ⇠ k⇤ in terms of the time and lengthscale asso-
ciated with the production mechanism, and mass m, is
provided in the supplementary material section (V A).

The reader who is familiar with the theory of struc-
ture formation might be skeptical about this flat spec-
trum. Indeed, it is well known that the stochastic con-
tribution to the nonlinear P�(t, k) arising from clustering
behaves as k

4 rather than k
0 at low k. This is a con-

sequence of mass and momentum conservation (see [11],
chapter 28). A white-noise contribution / k

0, would im-
ply that starting from the same initial matter density
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sharp UV fall off (our conservative choice)
gravitational produced dark photons (but better bounds exist)
axion-like particles with strings (preliminary)

(k⇤)th

(k⇤)non.th
⇠

r
mpl

m
� 1 =) m & few ⇥ keV thermal warm DM bounds

3

conservative choice, we only consider free-streaming ef-
fects up to t = teq. At the end of the next section, when
we consider specific examples, we relax these conservative
assumptions to quantify their impact [13].

Famously, fuzzy dark matter has an associated Jeans
scale kJ(t) = a(t)

p
mH(t) above which the growth of

perturbations is suppressed [14]. This enters Tad(t, k),
but it is not so relevant because kfs(t) ⌧ kJ(t).

IV. OBSERVATIONAL CONSTRAINTS

We now put these two contributions together, to get a
general expression for the dimensionless power spectrum

�2
�(t, k) ⇡ T

2
ad(t, k)�2

⇣(ti, k)


sin k/kfs(t)

k/kfs(t)

�2

+ T
2
iso(t, k)

✓
k

kwn

◆3

.

(6)

where �2
f (k) ⌘ k

3
/(2⇡

2)Pf (k), and the factor
sin(k/kfs(t))/(k/kfs(t)) is a fitting formula for the free-
streaming cuto↵ in (4). We have also included additional
weak evolution of the isocurvature perturbations via the
isocurvature transfer functions [15]. This model, which
is valid when k ⌧ kwn and k . kfs, is useful because cos-
mological probes are most sensitive to the onset of the
new features at the smallest possible k. See Fig. 2 for a
qualitative sketch of this power spectrum.

There are two parameters related to the microphysics
of dark matter, k⇤ ⇠ kwn and m, that enter this result.
First, for the white noise contribution not to exceed the
usual adiabatic one (T 2

ad(teq, kobs)�2
⇣ ⇠ 10�6) when k <

kobs = 10Mpc�1, we need

kwn & 102
kobs ⇠ 103 Mpc�1

, (7)

a scale that re-enters the horizon at the temperature
of about 0.1 MeV. Note the wide separation between
kobs and kwn. Second, for the free-streaming not to de-
plete the power spectrum significantly at kobs, we need
kfs(teq) & kobs which yields

m & Heq log

✓
2aeqm

kwn

◆
kwnkobs

k2
eq

. (8)

Taken together, we get m & 10�19 eV. Note that we did
not need to know the model dependent k⇤ ⇠ kwn here,
simply that it has to be larger than some value. In [7],
a stronger lower bound of 3 ⇥ 10�17 eV was obtained by
assuming kwn ⇠ a(t)m when H(t) = m. Interestingly,
the condition (7) can also be used to obtain an upper
bound on dark matter mass m < 100M� [16].

Explicit Examples.— To further elucidate the conser-
vative nature and relative model independence of our
bound, we consider the following parametrized form of

the field power spectra

q
3

2⇡2
P'(t, q)=A(t)

✓
q

k⇤

◆⌫

✓(k⇤ � k)+

✓
k⇤
q

◆↵

✓(k � k⇤)

�
.

(9)
We take three pairs of {⌫, ↵} as representative exam-
ples. The {⌫, ↵} = {3, 3} case is an example with a
su�ciently steep (↵ > 2) fall-o↵ in the field spectrum
for q > k⇤ – typically resonant non-thermal produc-
tion leads to even steeper power laws/cuto↵s (c.f. [17]).
The {⌫, ↵} = {2, 1} and {⌫, ↵} = {3, 1} cases are moti-
vated respectively by the inflationary production of vec-
tor dark matter scenario of [18], and the axion spec-
trum in [19] (post-inflationary Peccei-Quinn case, with
strings playing an important role). These three cases
yield kwn ⇡ {1, 1.5, 1.2}k⇤ using (2), consistent with ex-
pectations that k⇤ ⇠ kwn. For these models, we calculate
kfs using (5) with a(t) = aLy↵ ⇡ 0.2.

Then, requiring the following three conditions to be
satisfied: (i) kwn � 102

kobs, (ii) kfs(tLy↵) � kobs, and
(iii) k⇤ �

p
m/Heqkeq (subhorizon scales dominate at

H = m), we obtain the following lower bounds on the
DM mass:

m �

8
><

>:

4 ⇥ 10�19 eV for {⌫, ↵} = {3, 3},

1 ⇥ 10�12 eV for {⌫, ↵} = {2, 1},

2 ⇥ 10�12 eV for {⌫, ↵} = {3, 1}.

(10)

For the first case, the bound comes from (i) and (ii). This
is consistent (conservatively) with the bound we quote.
Such a bound remains true even if we increase ↵ further.
For the second and third cases the bound is many or-
ders of magnitude stronger and comes from conditions
(ii) and (iii). When ↵ = 1 the free-streaming length (5)
is dominated by the highest momenta that contribute
to the non-relativistic matter density, and during matter
domination is given by

kfs(t) ⇠ keq

r
maeq

k⇤ log(a(t)/aeq)
. (11)

Condition (iii) implies that this is / m
1/4 and the result-

ing mass bound is quite sensitive to numerical factors.
The most conservative, model-independent statement we
can make is that m & 10�19 eV.

The more stringent bounds for the ↵ < 2 case will be
pursued in a separate publication [20]. For preliminary
estimates which take advantage of existing simulations
[21] specific to the axions produced by a string network,
see VI B in the supplementary material.

V. SUMMARY & DISCUSSION

Post-inflationary production of light scalars [7, 22],
vectors [23–28], etc. naturally leads to a combination
of white-noise and a free-streaming cuto↵. We have used
the absence of these e↵ects in the observational data to
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FIG. 2. To illustrate our main point, we sketch the dimensionless power spectrum of dark matter density fluctuations at
matter-radiation equality including the white noise excess and free-streaming cuto↵. For keq < k < kJ(t), after equality this
curve approximately shifts upwards with a

2(t)/a2
eq. Note that kfs(t) ⌧ kJ(t). The orange shaded region is observationally

constrained to be roughly scale-invariant. The orange curve is sketched using m = 10�20 eV and kwn ⇠ 103 Mpc�1– the
suppression of power due to free-streaming for k < kobs ⇠ 10 Mpc�1 makes this spectrum inconsistent with observations. More
generally, for the white noise contribution not to exceed the scale-invariant one at k . kobs, requires kwn & 102

kobs, which
together with kfs & kobs, leads to our lower bound: m & 10�19 eV.

k space where the density perturbations become nonlin-
ear. Furthermore, while not necessary for the follow-
ing sections, a parameterization of kwn ⇠ k⇤ in terms of
the time and lengthscale associated with the production
mechanism, and mass m, is provided in the supplemen-
tary material section (VI A).

The reader who is familiar with the theory of structure
formation might be skeptical about this flat spectrum.
Indeed, it is well known that the stochastic contribution
to the nonlinear P�(t, k) arising from clustering behaves
as k

4 rather than k
0 at low k. This is a consequence of

mass and momentum conservation (see [11], chapter 28).
A white-noise contribution / k

0, would imply that start-
ing from the same initial matter density ⇢̄(t1), a finite-
volume universe could end up with di↵erent final values
of ⇢̄(t2), as a result of random clustering. Of course, this
is impossible. On the other hand, it is perfectly possible
that an initially radiation dominated universe ends up
with di↵erent amounts of matter (i.e. di↵erent Teq) be-
cause of random fluctuations in the dark matter produc-
tion scenario. For instance, there is a finite, though ex-
tremely small, probability that after Peccei-Quinn sym-
metry breaking, everywhere in a finite-volume universe
the axion field finds itself near the bottom of the would
be axion potential.

III. FREE-STREAMING

Now we include adiabatic perturbations. Initially, they
modulate the energy density in ' in the standard way,
leading to the usual adiabatic contribution to the matter
power spectrum at very large scales. At smaller scales,
however, the subsequent evolution is non-standard due
to the sizable momentum ⇠ k⇤ carried by the field fluc-

tuations. The small scale adiabatic perturbations will be
washed out up to a free streaming length. During radi-
ation epoch this length is known to grow logarithmically
after k⇤ < a(t)m [12]

k
⇤
fs(t) =

"Z t
dt

0

a

(k⇤/a)p
k2

⇤/a2 + m2

#�1

⇡
a
2
Hm

k⇤ log
⇣

2am
k⇤

⌘ ,

(3)
where we assume that t . teq. In the supplementary
material section (VI F 2), we will see that the e↵ect can
be approximated (at about 10%) for k  k

⇤
fs as a multi-

plicative correction to the adiabatic transfer function

P
(ad)
� (t, k) ⇡ P⇣(ti, k)T 2

ad(t, k)⇥


m
2

⇢̄(t)

Z
d ln q

q
3

2⇡2
P'(t, q)

sin[k/qfs(t)]

k/qfs(t)

�2 (4)

where qfs(t) ⌘

hR
a

�1
dt

0(q/a)/
p

q2/a2 + m2
i�1

.

For small k, using (4), one can define the free-
streaming cuto↵ more accurately via

1

k
2
fs(t)

=
m

2

⇢̄

Z a(t)m

d ln q
q
3

2⇡2
P'(t, q)

1

q
2
fs(t)

, (5)

which can be physically understood as a variance of the
free-steaming length for each comoving momentum q. If
this integral gets most of its contribution from q ⇠ k⇤,
then k

⇤
fs in (3) will provide a good approximation to kfs(t),

otherwise kfs in (5) should be used instead of k
⇤
fs. In

general, if q
3
P'(t, q > k⇤) / q

�↵ with ↵ > 2, then
kfs ⇠ k

⇤
fs, otherwise kfs ⌧ k

⇤
fs since in the latter case,

the integral in (5) receives significant contribution from
q ⇠ a(t)m � k⇤. In what follows, we use kfs ⇠ k

⇤
fs, mak-

ing our mass bound rather conservative. In an additional

strengths
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with Nadler and Wechsler

“model independent” -- applies to all gravitationally interacting,  

non-relativistic fields (scalar, vector, tensor …)
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FIG. 2. To illustrate our main point, we sketch the dimensionless power spectrum of dark matter density fluctuations at
matter-radiation equality including the white noise excess and free-streaming cuto↵. For keq < k < kJ(t), after equality this
curve approximately shifts upwards with a

2(t)/a2
eq. Note that kfs(t) ⌧ kJ(t). The orange shaded region is observationally

constrained to be roughly scale-invariant. The orange curve is sketched using m = 10�20 eV and kwn ⇠ 103 Mpc�1– the
suppression of power due to free-streaming for k < kobs ⇠ 10 Mpc�1 makes this spectrum inconsistent with observations. More
generally, for the white noise contribution not to exceed the scale-invariant one at k . kobs, requires kwn & 102

kobs, which
together with kfs & kobs, leads to our lower bound: m & 10�19 eV.

k space where the density perturbations become nonlin-
ear. Furthermore, while not necessary for the follow-
ing sections, a parameterization of kwn ⇠ k⇤ in terms of
the time and lengthscale associated with the production
mechanism, and mass m, is provided in the supplemen-
tary material section (VI A).

The reader who is familiar with the theory of structure
formation might be skeptical about this flat spectrum.
Indeed, it is well known that the stochastic contribution
to the nonlinear P�(t, k) arising from clustering behaves
as k

4 rather than k
0 at low k. This is a consequence of

mass and momentum conservation (see [11], chapter 28).
A white-noise contribution / k

0, would imply that start-
ing from the same initial matter density ⇢̄(t1), a finite-
volume universe could end up with di↵erent final values
of ⇢̄(t2), as a result of random clustering. Of course, this
is impossible. On the other hand, it is perfectly possible
that an initially radiation dominated universe ends up
with di↵erent amounts of matter (i.e. di↵erent Teq) be-
cause of random fluctuations in the dark matter produc-
tion scenario. For instance, there is a finite, though ex-
tremely small, probability that after Peccei-Quinn sym-
metry breaking, everywhere in a finite-volume universe
the axion field finds itself near the bottom of the would
be axion potential.

III. FREE-STREAMING

Now we include adiabatic perturbations. Initially, they
modulate the energy density in ' in the standard way,
leading to the usual adiabatic contribution to the matter
power spectrum at very large scales. At smaller scales,
however, the subsequent evolution is non-standard due
to the sizable momentum ⇠ k⇤ carried by the field fluc-

tuations. The small scale adiabatic perturbations will be
washed out up to a free streaming length. During radi-
ation epoch this length is known to grow logarithmically
after k⇤ < a(t)m [12]

k
⇤
fs(t) =

"Z t
dt

0

a

(k⇤/a)p
k2

⇤/a2 + m2

#�1

⇡
a
2
Hm

k⇤ log
⇣

2am
k⇤

⌘ ,

(3)
where we assume that t . teq. In the supplementary
material section (VI F 2), we will see that the e↵ect can
be approximated (at about 10%) for k  k

⇤
fs as a multi-

plicative correction to the adiabatic transfer function

P
(ad)
� (t, k) ⇡ P⇣(ti, k)T 2

ad(t, k)⇥


m
2

⇢̄(t)

Z
d ln q

q
3

2⇡2
P'(t, q)

sin[k/qfs(t)]

k/qfs(t)

�2 (4)

where qfs(t) ⌘

hR
a

�1
dt

0(q/a)/
p

q2/a2 + m2
i�1

.

For small k, using (4), one can define the free-
streaming cuto↵ more accurately via

1

k
2
fs(t)

=
m

2

⇢̄

Z a(t)m

d ln q
q
3

2⇡2
P'(t, q)

1

q
2
fs(t)

, (5)

which can be physically understood as a variance of the
free-steaming length for each comoving momentum q. If
this integral gets most of its contribution from q ⇠ k⇤,
then k

⇤
fs in (3) will provide a good approximation to kfs(t),

otherwise kfs in (5) should be used instead of k
⇤
fs. In

general, if q
3
P'(t, q > k⇤) / q

�↵ with ↵ > 2, then
kfs ⇠ k

⇤
fs, otherwise kfs ⌧ k

⇤
fs since in the latter case,

the integral in (5) receives significant contribution from
q ⇠ a(t)m � k⇤. In what follows, we use kfs ⇠ k

⇤
fs, mak-

ing our mass bound rather conservative. In an additional
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FIG. 1. A visual summary of some of the main results of our paper.

novel class of extremally polarized solitons with spin
Stot/~ = �M/m which can be macroscopically large for
M � m. Here, m is the mass of the field, M is the
mass of the soliton and � is the spin multiplicity. These
coherent solitons (along with fractionally polarized
ones mentioned earlier) might open up new avenues for
observationally probing higher-spin fields.

We find that even within Newtonian gravity it might
be possible to distinguish interacting solitons with dif-
ferent polarizations. Going beyond Newtonian gravity,
which we do not pursue here, might remove degeneracies
between di↵erent polarizations of the higher-spin fields
even further. We also discuss possibilities of probing
this higher-spin dark matter via non-gravitational
interactions, taking advantage of the polarization state
of the solitons.

The paper is organized as follows. In section II we
discuss our model for the case of dark scalar, vector,
and tensor massive fields, leaving additional details in
Appendix A. In section III we provide the e↵ective non-
relativistic action (which is the Schrödinger-Poisson sys-
tem) for these dark integer spin fields, and discuss the
various symmetries of the action. In section IV we dis-
cuss the gravitationally bound solitons. In section V we
discuss their distinguishability, primarily within Newto-
nian gravity, and also mention other non-gravitational
couplings that can probe the spin nature of the fields. In
section VI we summarize and also highlight some future
directions worth investigating.

II. MODELS

Our matter Lagrangian consists of the usual Standard
Model (SM) sector, along with some dark sector that
includes additional massive spin-0, spin-1, or even spin-2
fields. We take these fields to be real valued.

Explicitly, our general action has the form

S = SEH + Sdark + Svis , (1)

where SEH is the gravity sector, Sdark is some dark
sector (incluing dark integer spin fields), and Svis is
the visible sector (comprising of the SM). Our focus
is only on the gravity + dark sector in this paper.
We consider perturbations of di↵erent fields around
some background metric ḡµ� which leads to the usual
massless spin-2 fluctuations: hµ� (the graviton), along
with other perturbations in di↵erent fields. We will
focus on a given spin-s field + gravity, instead of
considering massive spin-0, 1 and 2 together, although
our formalism can accomodate the latter scenario as well.

For most part, we are interested in sub-horizon
physics where length scales associated with config-
urations of these dark fields are much smaller than
the Hubble horizon. As a result, we ignore Hub-
ble expansion, and take the background metric to be2

ḡµ� = �µ� = diag(1, �1, �1, �1). We also take ~ = c = 1.

In the next three subsections, we provide the general
action up-to quadratic order in the fields of interest, along
with leading order gravitational interactions. For the
non-relativistic limit that we are interested in, the lead-
ing order actions provided here are su�cient. The full
nonlinear actions are discussed in the Appendix.

A. Spin-0

The quadratic (free) action for the spin-0 field �, and
metric fluctuations hµ� , along with their leading interac-

2 We use ḡµ� = diag(1, �a2(t), �a2(t), �a2(t)) for an expanding
universe when needed. Here, a(t) is the scale factor normalized
to unity today.
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novel class of extremally polarized solitons with spin
Stot/~ = �M/m which can be macroscopically large for
M � m. Here, m is the mass of the field, M is the
mass of the soliton and � is the spin multiplicity. These
coherent solitons (along with fractionally polarized
ones mentioned earlier) might open up new avenues for
observationally probing higher-spin fields.

We find that even within Newtonian gravity it might
be possible to distinguish interacting solitons with dif-
ferent polarizations. Going beyond Newtonian gravity,
which we do not pursue here, might remove degeneracies
between di↵erent polarizations of the higher-spin fields
even further. We also discuss possibilities of probing
this higher-spin dark matter via non-gravitational
interactions, taking advantage of the polarization state
of the solitons.

The paper is organized as follows. In section II we
discuss our model for the case of dark scalar, vector,
and tensor massive fields, leaving additional details in
Appendix A. In section III we provide the e↵ective non-
relativistic action (which is the Schrödinger-Poisson sys-
tem) for these dark integer spin fields, and discuss the
various symmetries of the action. In section IV we dis-
cuss the gravitationally bound solitons. In section V we
discuss their distinguishability, primarily within Newto-
nian gravity, and also mention other non-gravitational
couplings that can probe the spin nature of the fields. In
section VI we summarize and also highlight some future
directions worth investigating.

II. MODELS

Our matter Lagrangian consists of the usual Standard
Model (SM) sector, along with some dark sector that
includes additional massive spin-0, spin-1, or even spin-2
fields. We take these fields to be real valued.

Explicitly, our general action has the form

S = SEH + Sdark + Svis , (1)

where SEH is the gravity sector, Sdark is some dark
sector (incluing dark integer spin fields), and Svis is
the visible sector (comprising of the SM). Our focus
is only on the gravity + dark sector in this paper.
We consider perturbations of di↵erent fields around
some background metric ḡµ� which leads to the usual
massless spin-2 fluctuations: hµ� (the graviton), along
with other perturbations in di↵erent fields. We will
focus on a given spin-s field + gravity, instead of
considering massive spin-0, 1 and 2 together, although
our formalism can accomodate the latter scenario as well.

For most part, we are interested in sub-horizon
physics where length scales associated with config-
urations of these dark fields are much smaller than
the Hubble horizon. As a result, we ignore Hub-
ble expansion, and take the background metric to be2

ḡµ� = �µ� = diag(1, �1, �1, �1). We also take ~ = c = 1.

In the next three subsections, we provide the general
action up-to quadratic order in the fields of interest, along
with leading order gravitational interactions. For the
non-relativistic limit that we are interested in, the lead-
ing order actions provided here are su�cient. The full
nonlinear actions are discussed in the Appendix.

A. Spin-0

The quadratic (free) action for the spin-0 field �, and
metric fluctuations hµ� , along with their leading interac-

2 We use ḡµ� = diag(1, �a2(t), �a2(t), �a2(t)) for an expanding
universe when needed. Here, a(t) is the scale factor normalized
to unity today.

Nonrelativistic ICscoll
aps

e to
 BH

increasing compactness

(for example phase of gravitational waves in the weak field limit. Let us assume that we have two
solitons of mass M1 and M2 whose separated by a distance r which is much larger than their radii
R1 and R2. The spin of the solitons are S1 and S2 respectively. The e↵ective potential governing
their dynamics can be written as [37, 38]

V = �
GM1M2

r

�
1 + O(v2

/c
2) �

2

rc
[r̂ ⇥ (v1 � v2)] ·

2�

a=1

Sa

Ma

+
1

r2c2

�
S1

M1
·

S2

M2
� 3

�
S1

M1
· r̂

� �
S2

M2
· r̂

�
+

2�

a=1

C
(a)
ES2

2M1M2

�
S

2
a � 3(Sa · r̂)2

�
�

+ . . .

� (0.1)

The third term on the first line is the spin-orbit interaction, and the 2nd line is the spin-spin

interaction, both of which are absent in configurations without spin. The coe�cient C
(a)
ES2 is a

property of the object, which the PI will calculate for the configurations of interest.4 Note that the
intuition is that the spin generates a quadrupole moment: Q ⇠ CES2S

2
/Mc

2, is not accurate since
the intrinsic spin still results in spherically symmetric objects (at leading order in the Newtonian
Limit).

The changes in the dynamics of a binary configuration, and emitted gravitational waves can
be estimated using the above e↵ective potential. Using these estimates as a guide, the PI and
collaborators will generate accurate templates of the gravitational waves from binary mergers using
GRChombo. These template would depend on the internal structure of the objects as well as the
spin of each configurations, and could be a valuable asset in the search for exotic compact objects.
They provide a direct probe of the underlying spin of the fields.

4Note that for a Kerr black-hole, C(a)
ES2 = 1, while it is larger (� 4 � 8) for spinning neutron stars, and is related

to the quadrupole distortion of the objects (and hence to the Love numbers).
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discuss
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includes additional massive spin-0, spin-1, or even spin-2
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e take these fields to be real valued.

Explicitly, our general action has the form
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dark +
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dark is
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dark
integer
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order gravitational interactions.
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here are su�cient.
The full

nonlinear actions are discussed in the Appendix.

A.
Spin-0

The quadratic (free) action
for the spin-0 field

�, and

metric fluctuations
h
µ� , along with their leading interac-

2
W

e
use

ḡ
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ḡµ�

whic
h

lea
ds

to
th

e
us

ua
l

mass
les

s sp
in-

2
flu

ctu
ati

on
s:

hµ�
(th

e gra
vit

on
),

alo
ng

with
oth

er
pe

rtu
rb

ati
on

s
in

di↵
ere

nt
fie

lds
.

W
e

will

foc
us

on
a

giv
en

sp
in-

s
fie

ld
+

gra
vit

y,
ins

tea
d

of

co
ns

ide
rin

g
mass

ive
sp

in-
0,

1
an

d
2

tog
eth

er,
alt

ho
ug

h

ou
r for

mali
sm

ca
n ac

co
mod

ate
th

e lat
ter

sce
na

rio
as

well
.

Fo
r

most
pa

rt,
we

are
int

ere
ste

d
in

su
b-h

ori
zo

n

ph
ysi

cs
whe

re
len

gth
sca

les
ass

oc
iat

ed
with

co
nfi

g-

ur
ati

on
s

of
th

ese
da

rk
fie

lds
are

muc
h

sm
all

er
th

an

th
e

Hub
ble

ho
riz

on
.

As
a

res
ult

,
we

ign
ore

Hub
-

ble
ex

pa
ns

ion
, an

d
tak

e th
e ba

ck
gro

un
d

metr
ic

to
be

2
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Figure 3. Left: Impact of macroscopic spin on the e↵ective gravitational potential for two orbiting bodies,
and hence gravitational wave emission before & during merger. Right: Full numerical relativity evolution
of circularly polarized (maximal spin) and linearly polarized (zero spin) solitons as they evolve from non-
relativistic initial conditions for 3 initial compactness per pair: C ⇡ 0.04, 0.06, 0.1 show in black [where we
expect relativistic corrections & 10%]. The maximal spin solitons S ⇡ ~Msol/m (orange) do not collapse
to a BH at the largest initial compactness considered, whereas the linearly polarized ones (blue) do. Spin
provides a barrier against collapse in this regime (preliminary). Middle: Hamiltonian constraint for the initial
configurations, showing convergence with increasing resolution and order of numerical algorithms.

Proposed Tasks & Expected Outputs.

(a) Spin & Maximal Compactness: Without relativistic corrections, all configurations with the
same total particle number have the same energy, independent of the spin: 0  |S|  ~Msol/m

[9]. However, with relativistic corrections, it is expected that this degeneracy is broken. The
spherical symmetry is also expected to be weakly broken [31]. Using GRChombo[81], the PI and
collaborators will determine which solutions are preferred in full general relativity, starting with
di↵erent Newtonian configurations (with arbitrary polarization). This task is challenging, however,
preliminary work guided by the limiting Newtonian solutions shows strong promise in terms of
results as well as technical aspects such as constraint preservation during the evolution (see middle
panel of Fig. 3). Each run takes ⇠ 104 CPU hrs.

Another output of this calculation will be determining the maximum compactness possible for
solitons with macroscopic spin, beyond which they collapse to BHs. For similar analysis of scalar
solitons, see [87, 88]. Preliminary investigations reveal that the compactness allowed is higher
for solitons with intrinsic spin, compared to those without. Hedgehog configurations which also
have zero spin, and are not extremally polarized (not shown here), collapse at an even smaller
compactness. Moreover, as compactness increases the M vs. R relationship di↵ers between solitons
with macroscopic spin and those without. See right panel of Fig. 3 for preliminary results, where
points represent time averages. The maximum compactness before collapse to BH determines
the amplitude of gravitational waves that can be generated from such objects in the final merger
phase. If an e�cient production mechanism exists, the above results also could potentially tell us a
relationship between spin and mass of the formed black holes from this process [89].

(b) Spin & Gravitational Waves: Consider two solitons of mass M1 and M2 separated by
a distance r, individual radii R1 and R2, and maximal, macroscopic intrinsic spin S1 and S2

respectively (see Fig. 3). The e↵ective potential governing their orbital dynamics [90, 91] is also
shown in the top left of Fig. 3. The third term on the first line is the spin-orbit interaction, and
the 2nd line is the spin-spin interaction, both of which are absent in configurations without spin.
Both a↵ect the orbital dynamics and emission of gravitational waves. The evolution of the phase
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Figure 3: Left panel (3a): Angle averaged late time central core+halo profiles for ⇠ 160 simulations
spanning a range of initial conditions including di↵erent total mass, initial number of solitons, locations
of solitons, phases and spins of solitons (i.e. ⌅ spans an order of magnitude). The radial coordinate
and density are normalized by rc and ⇢(r = 0) to highlight the di↵erences in profile shape of VDM and
SDM coalesced cores independent of the initial conditions. Solid lines indicate average over di↵erent
simulations, the shaded regions indicate the spread in all profiles. A marker at r/rc ⇡ 3.5 shows a
general transition between core/halo regions in both SDM and VDM scenarios. Right panel (3b): Final
radial density from 11 simulations (time averaged over roughly 1 period of radial oscillations of the
core), where the initial mass is narrowly distributed around Mtot = 2.3 ⇥ 105 M� ⇥ M5, the size of
the simulation volume is L = 100 kpc ⇥ (M5m

2
20)

�1 and the number of initial solitons was fixed at
21. Solitons in VDM are less dense, and wider than those in SDM for identical initial conditions. An
approximately ⇠ r

�3 power law is see for both SDM and VDM at large radii.

Beginning with N solitons of mass M i
sol each, and distributed randomly throughout the

box, the total energy is (scaled to yield a dimensionless scale-invariant measure ⌅)

⌅ ⌘
|Etot|

M3
tot(Gm/~)2

⇡
1

M3
tot(Gm/~)2


N

G(M i
sol)

2

2Ri
sol

+ (1.88)N(N � 1)
G(M i

sol)
2

L

�
, (4.1)

⇡
1

20N2
. (4.2)

In the first line, L is the box size and Ri
sol ⌧ L is the initial solitons’ radius. In the last equality,

we have assumed that the first term in eq. (4.1) dominates over the second.4

4Note that R
i
sol ⌘ 9.95~2

/(GM
i
solm

2) contains 99% of the soliton’s mass, and we also include gradient con-
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FIG. 1. A visual summary of some of the main results of our paper.

novel class of extremally polarized solitons with spin
Stot/~ = �M/m which can be macroscopically large for
M � m. Here, m is the mass of the field, M is the
mass of the soliton and � is the spin multiplicity. These
coherent solitons (along with fractionally polarized
ones mentioned earlier) might open up new avenues for
observationally probing higher-spin fields.

We find that even within Newtonian gravity it might
be possible to distinguish interacting solitons with dif-
ferent polarizations. Going beyond Newtonian gravity,
which we do not pursue here, might remove degeneracies
between di↵erent polarizations of the higher-spin fields
even further. We also discuss possibilities of probing
this higher-spin dark matter via non-gravitational
interactions, taking advantage of the polarization state
of the solitons.

The paper is organized as follows. In section II we
discuss our model for the case of dark scalar, vector,
and tensor massive fields, leaving additional details in
Appendix A. In section III we provide the e↵ective non-
relativistic action (which is the Schrödinger-Poisson sys-
tem) for these dark integer spin fields, and discuss the
various symmetries of the action. In section IV we dis-
cuss the gravitationally bound solitons. In section V we
discuss their distinguishability, primarily within Newto-
nian gravity, and also mention other non-gravitational
couplings that can probe the spin nature of the fields. In
section VI we summarize and also highlight some future
directions worth investigating.

II. MODELS

Our matter Lagrangian consists of the usual Standard
Model (SM) sector, along with some dark sector that
includes additional massive spin-0, spin-1, or even spin-2
fields. We take these fields to be real valued.

Explicitly, our general action has the form

S = SEH + Sdark + Svis , (1)

where SEH is the gravity sector, Sdark is some dark
sector (incluing dark integer spin fields), and Svis is
the visible sector (comprising of the SM). Our focus
is only on the gravity + dark sector in this paper.
We consider perturbations of di↵erent fields around
some background metric ḡµ⌫ which leads to the usual
massless spin-2 fluctuations: hµ⌫ (the graviton), along
with other perturbations in di↵erent fields. We will
focus on a given spin-s field + gravity, instead of
considering massive spin-0, 1 and 2 together, although
our formalism can accomodate the latter scenario as well.

For most part, we are interested in sub-horizon
physics where length scales associated with config-
urations of these dark fields are much smaller than
the Hubble horizon. As a result, we ignore Hub-
ble expansion, and take the background metric to be2

ḡµ⌫ = ⌘µ⌫ = diag(1, �1, �1, �1). We also take ~ = c = 1.

In the next three subsections, we provide the general
action up-to quadratic order in the fields of interest, along
with leading order gravitational interactions. For the
non-relativistic limit that we are interested in, the lead-
ing order actions provided here are su�cient. The full
nonlinear actions are discussed in the Appendix.

A. Spin-0

The quadratic (free) action for the spin-0 field �, and
metric fluctuations hµ⌫ , along with their leading interac-

2
We use ḡµ⌫ = diag(1,�a2(t),�a2(t),�a2(t)) for an expanding

universe when needed. Here, a(t) is the scale factor normalized

to unity today.
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novel class of extremally polarized solitons with spin
Stot/~ = �M/m which can be macroscopically large for
M � m. Here, m is the mass of the field, M is the
mass of the soliton and � is the spin multiplicity. These
coherent solitons (along with fractionally polarized
ones mentioned earlier) might open up new avenues for
observationally probing higher-spin fields.

We find that even within Newtonian gravity it might
be possible to distinguish interacting solitons with dif-
ferent polarizations. Going beyond Newtonian gravity,
which we do not pursue here, might remove degeneracies
between di↵erent polarizations of the higher-spin fields
even further. We also discuss possibilities of probing
this higher-spin dark matter via non-gravitational
interactions, taking advantage of the polarization state
of the solitons.

The paper is organized as follows. In section II we
discuss our model for the case of dark scalar, vector,
and tensor massive fields, leaving additional details in
Appendix A. In section III we provide the e↵ective non-
relativistic action (which is the Schrödinger-Poisson sys-
tem) for these dark integer spin fields, and discuss the
various symmetries of the action. In section IV we dis-
cuss the gravitationally bound solitons. In section V we
discuss their distinguishability, primarily within Newto-
nian gravity, and also mention other non-gravitational
couplings that can probe the spin nature of the fields. In
section VI we summarize and also highlight some future
directions worth investigating.

II. MODELS

Our matter Lagrangian consists of the usual Standard
Model (SM) sector, along with some dark sector that
includes additional massive spin-0, spin-1, or even spin-2
fields. We take these fields to be real valued.

Explicitly, our general action has the form

S = SEH + Sdark + Svis , (1)

where SEH is the gravity sector, Sdark is some dark
sector (incluing dark integer spin fields), and Svis is
the visible sector (comprising of the SM). Our focus
is only on the gravity + dark sector in this paper.
We consider perturbations of di↵erent fields around
some background metric ḡµ⌫ which leads to the usual
massless spin-2 fluctuations: hµ⌫ (the graviton), along
with other perturbations in di↵erent fields. We will
focus on a given spin-s field + gravity, instead of
considering massive spin-0, 1 and 2 together, although
our formalism can accomodate the latter scenario as well.

For most part, we are interested in sub-horizon
physics where length scales associated with config-
urations of these dark fields are much smaller than
the Hubble horizon. As a result, we ignore Hub-
ble expansion, and take the background metric to be2

ḡµ⌫ = ⌘µ⌫ = diag(1, �1, �1, �1). We also take ~ = c = 1.

In the next three subsections, we provide the general
action up-to quadratic order in the fields of interest, along
with leading order gravitational interactions. For the
non-relativistic limit that we are interested in, the lead-
ing order actions provided here are su�cient. The full
nonlinear actions are discussed in the Appendix.

A. Spin-0

The quadratic (free) action for the spin-0 field �, and
metric fluctuations hµ⌫ , along with their leading interac-

2
We use ḡµ⌫ = diag(1,�a2(t),�a2(t),�a2(t)) for an expanding

universe when needed. Here, a(t) is the scale factor normalized

to unity today.
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Figure 1. Example surface mass density maps (^ , in units of the critical density ⌃2) with the model lensed images in orange contours (top row) and the
corresponding reconstructed source surface brightness maps (� , in units of the peak surface brightness �max; bottom row) for three random realizations of MG
J0751+2716 in an FDM cosmology. Critical curves and caustics are plotted in white. The lensing e�ect of the FDM granules is apparent: The critical curves
wiggle back and forth across the lensed arcs, which would require the presence of multiple images of the same region of the source along the arc. In the absence
of such features in the observed data, the morphology of the inferred source is disrupted as the model attempts to fit the observation.

form of a Gaussian random field with correlation length oj and a
position-dependent variance given by

hX^2
i =
oj

p
c

⌃2
2

π
d2

DM 3;, (2)

where the integral is along the line of sight, dDM is the smooth 3D
density profile of the dark matter component of the lens, ⌃2 is the
lensing critical surface mass density, and oj = \/(<jfE ) corre-
sponds to the (reduced) de Broglie wavelength of the dark matter
particle. In practice, we generate realizations of X^ by first generat-
ing a white noise field modulated by the variance in equation (2),
then correlating using a Gaussian kernel of width oj via an FFT-
based convolution. We then solve for the resulting perturbation to the
lensing potential X using another FFT.

The correlation length oj is inversely proportional to fE , the ve-
locity dispersion of the dark matter in the lens galaxy, which is a proxy
for the depth of the gravitational potential well in which the dark mat-
ter field resides. There are no resolved kinematic data on this lens
system, so it must be estimated using the Einstein radius of the lens.
Alloin et al. (2007) found fE = 101 km s�1, using a cored pseudo-
isothermal density profile. We derive fE = 108 km s�1, assuming
a singular isothermal profile. To accommodate this uncertainty, we
draw fE from a uniform prior between 100 and 110 km s�1 (see
Table 1).

An additional source of uncertainty in generating FDM lens real-
izations is the dark matter fraction in the lens, 5DM, which directly
determines the granule amplitude. Our composite smooth model
from Powell et al. (2022) gives a baryonic mass (measured within
the critical curve) of 8.6⇥109 M� . This number is in good agreement
with observations by the Hubble Space Telescope (HST) WFPC2 as
part of the CfA-Arizona Space Telescope LEns Survey (CASTLES)
project (e.g. Kochanek et al. 2000); a fit to the +- and �-band lens
galaxy photometry using �������� (Blanton & Roweis 2007) yields

a baryonic mass of 8.0⇥109 M� . The total projected mass of the lens
within the critical curve is set by the Einstein radius at 2.7⇥1010 M� .
Allowing for an uncertainty of ±0.2 dex in the baryonic mass, we
adopt a uniform prior on 5DM between 0.5 and 0.8 (see Table 1).
This prior range is consistent with dark matter fractions in massive
early-type lens galaxies studied by Oldham & Auger (2018).

We assume that all small-scale inhomogeneities in the lensing
convergence are produced by FDM granules in the lens itself. We do
not explicitly consider the e�ects of a central soliton core in the FDM
halo; such a core would be much smaller than the Einstein radius of
the lens (Schive et al. 2014; Chan et al. 2020), and would therefore be
absorbed in the smooth lens model. Unlike the analysis by Laroche
et al. (2022), we do not include subhalo or line-of-sight (LOS) halo
populations in our lens model. This choice is justified because in
the mass range of <j ⇠ 10�22 to 10�20.5 eV, in which our analysis
is most sensitive, an FDM cosmology cannot produce subhaloes or
LOS haloes that are highly concentrated or numerous enough to
mimic the signal of FDM granules (Schive et al. 2016; see also Fig.
5 of Laroche et al. 2022); indeed, any large-scale contribution to the
lens model by di�use low-mass haloes would already be accounted
for in the smooth model. The practical e�ects of excluding low-mass
haloes from our model are the loss of some sensitivity to <j and the
inability to place an upper bound on <j .

3 RESULTS

We show example convergence maps for three FDM lens realizations
with their corresponding maximum a-posteriori (MAP) source sur-
face brightness reconstructions in Fig. 1. For <j . 10�21 eV, the
critical curves (plotted in white) cross back and forth many times
across the lensed arcs. Such a configuration of critical curves would
imply the presence of many images of alternating parity along the arc
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