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There is a large and growing interest in observations of small-scale structure in dark matter. We propose a
new way to probe dark matter structures in the ∼10–108M⊙ range. This allows us to constrain the
primordial power spectrum over shorter distances scales than possible with direct observations from the
CMB. For k in the range ∼10–1000 Mpc−1 our constraints on the power spectrum are orders of magnitude
stronger than previous bounds. We also set some of the strongest constraints on dark matter isocurvature
perturbations. Our method relies on the heating effect such dark matter substructures would have on the
distribution of stars in an ultrafaint dwarf galaxy. Many models of inflation produce enhanced power at
these short distance scales and can thus be constrained by our observation. Further, many dark matter
models such as axion dark matter, self-interacting dark matter and dissipative dark matter, produce dense
structures which could be constrained this way.
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I. INTRODUCTION

The nature of dark matter (DM) is one of the biggest
outstanding mysteries in physics. We have a wide variety of
probes of dark matter including direct and indirect detection
and collider experiments. The studyofdarkmatter structure in
the Universe is another important probe. Dark matter over-
densities collapse in the early universe leading to nontrivial
structure over several mass and length scales including
clusters, galaxies and dwarf galaxies. The matter power
spectrum obtained from correlations in the observed structure
agrees very well with the ΛCDM paradigm down to the
≈Mpc scale. However there has been a large and growing
interest recently in studying shorter scales, as a great deal can
be learned both about the nature of dark matter and about the
formation of the universe. While a scale invariant primordial
spectrum of density perturbations should lead to formation of
structures at all length scales, there are many possible
cosmological scenarios which produce even more structure
at these shorter length scales. For example many models of

inflation produce enhancements in the primordial power
spectrum at short scales, causing additional, denser substruc-
tures to form (see e.g. [1–6]). Additionally a period of
early matter dominance can enhance small-scale power
(see e.g. [7–10]). Further, even with a scale-invariant initial
power spectrum, nontrivial dynamics in the dark sector can
cause substructures to form. For example, axion dark matter,
dark photon darkmatter, self-interacting darkmatter (SIDM),
atomic darkmatter, dissipative darkmatter, andmirror sectors
can form dense substructures (see e.g. [11–26]). Thus,
studying dark matter structures on these short scales can
teach us much about the origin of the universe and the nature
of dark matter.
The study of dark matter structures becomes increasingly

difficult at smaller length/mass scales below dwarf galaxy
size, owing to the inability of these dark matter halos to
produce significant numbers of stars. Techniques to study
these structures have instead involved gravitational lensing
[27–29] of light, photometric lensing [30] and stellar
streams [31,32]. These promising approaches will hope-
fully reveal much about the small-scale structure of dark
matter in the future. In this paper we describe a new,
complementary approach to studying dark matter structures
in the mass range ∼10–108M⊙, or primordial density
perturbations in the range of k from ∼10–1000 Mpc−1.
These smaller structures, which we refer to as clumps in

this work, collapse before galaxies and subsequently fall
into the galaxies as they form. Thus, these clumps make up
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intra-galactic substructure and would survive until today
barring destruction due to tidal forces present in the host. In
this work, we describe an important probe of such sub-
structure down to the ≈10M⊙ mass scale, specifically due
to their presence inside some of the faintest substructure
identified yet: ultrafaint dwarf galaxies (UFDs).
Part one of this two-part paper set stringent limits on

MACHOs/PBHs making up some or all of the UFD dark
matter [33]. These limits were obtained via considering the
gravitational scattering of MACHOs off stars (for similar
works see e.g. [34–41]). Such scattering will, on average,
transfer heat from theMACHO’s kinetic energy to the stellar
kinetic energy which would result in the expansion of the
stellar scale radius. This can be compared to the observed
stellar scale radius to set constraints. That paper was
essentially in the point-mass limit, taking the MACHOs/
PBHs to be arbitrarily small. In this sequel we extend the
analysis to diffuse dark matter clumps of arbitrary density.
Importantly, we still expect a similar heat transfer rate from
the dark matter clumps to the stars even if the dark matter
clumps are significantly larger than the MACHOs, and in
fact even if the dark matter clump size approaches the size
of the stellar scale radius (∼30 pc). This is because the
minimum impact parameter for gravitational clump-star
scattering enters only via a log. Thus even though moving
from pointlike MACHOs to diffuse clumps will cause an
increase bymany orders ofmagnitude in theminimal impact
parameter, this only enters the log in the scattering and so has
very little effect on the heat transfer rate. Thus this effect
should be a powerful probe of even relatively diffuse DM
substructures. However for low enough densities, such
clumps will not survive for long in the environment of
the UFD, thus cutting off the heating effect at some minimal
density for the clumps. In this work we analyze the survival
prospects of these diffuse objects in the UFD environment.
For the clumps that survive, we estimate the effects of the
finite size of the clumps on the heat transfer rate thus
deriving limits on the existence of clumps in the UFD.
The rest of this paper is organized as follows. Section II

describes our calculation of the gravitational heat transfer
rate from clumps to stars. Section III analyzes the survival
probability of clumps against various disruption processes.
We present results in Sec. IV and discuss consequences
in Sec. V.

II. HEAT TRANSFER FOR CLUMPS

In this section we describe our assumptions about the
clumps that are inside the UFD and compute the heat
transfer rate due to gravitational scattering with stars as well
as the smooth DM.

A. Parametrization of clumps

First, we consider dark matter to reside in subhalos all of
the same mass Mclump. While this assumptions simplifies

the limit setting procedure, the limit calculation is straight-
forward for extended halo mass functions which we leave
for future work.
We consider only NFW clumps and characterize them as

ρNFWðrÞ ¼ 4ρs

�
r
rs

�
−1
�
r
rs

þ 1

�
−2

ð1Þ

Here, rs is the scale radius, ρs is the density at the scale
radius. Owing to the fact that the NFW cores are more
robust to tidal stripping, we follow [30] and truncate the
NFW profile at the scale radius rs with masses

Mclump ¼ 8πr3sρsð−1þ log 4Þ ð2Þ

These cores are assumed to make up a fraction fclump of the
total dark matter mass of the UFD. The rest of the dark
matter is assumed to be smooth for simplicity. Thus, the
three parameters fMclump; ρs; fclumpg fully describe the
clumps we consider. For later use we define the mass
enclosed inside a radius b as

MencðbÞ ¼
Z

b

0

4πr2ρNFWðrÞ ð3Þ

since the clumps are truncated at rs, we assume
that Mencðb > rsÞ ¼ Mclump.
Finally, we assume the clumps themselves are distributed

following a Dehnen profile in the UFD. So the averaged
mass density of all the clumps in the UFD is

ρclumpsðr; tÞ ¼ fclump
3MUFD

4πR3
clumpsðtÞ

�
1þ r

RclumpsðtÞ
�

−4
ð4Þ

with the scale radius Rclumps being time dependent due to
heat transfer between clumps and the smooth DM compo-
nent causing the clumps to migrate inward as derived in the
next subsection. The smooth DM itself also follows a
Dehnnen profile but with a constant scale radius
RUFD ¼ 446.3 pc.

ρDM;smoothðr;tÞ¼ð1−fclumpÞ
3MUFD

4πR3
UFD

�
1þ r

RUFD

�
−4

ð5Þ

We assume the smooth DM component is the dominant
component of DM so technically our results would not
apply if fclump is too close to 1. We calculate the time
dependent RclumpsðtÞ next.

B. Migration of clumps

Although our main effect is the heating of stars, in this
subsection we consider the heat transfer from clumps to the
dominant, diffuse component of the DM. This is the
dominant heat loss mechanism for the clumps. It causes
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the clumps to migrate inward toward the center of the UFD,
decreasing the scale radius of the clump distribution over
time. This increases the density of the clumps at the
location of the stars, and is thus an important effect to
consider for the heating of the stars.
In paper 1 [33] we considered the scenario that dark

matter had two components: MACHOs (with mass
MMACHO) and diffuse DM (with mass mDM). The heat
transfer rate from MACHOs to diffuse DM per unit
MACHO mass, in the mMACHO ≫ mDM limit was given as

HMACHO ¼ 2
ffiffiffiffiffiffi
2π

p
G2ð1 − fMACHOÞρDMMMACHO

×
σ2MACHO

ðσ2DM þ σ2MACHOÞ
3
2

log

�
b290 þ b2max

b290 þ b2min

�
ð6Þ

Here we define

ρDM ≡ ρDM;smoothðr ≪ RUFDÞ ≈
3MUFD

4πR3
UFD

. ð7Þ

Equation (6) assumes the MACHOs are effectively point
masses (as would be the case for primordial black holes for
example).
In this paper we wish to consider what happens when we

replace the MACHOs with finite-size dark matter clumps
(bound together by gravity). So we now make modifica-
tions to the above expressions in order to capture the finite
size effects of the clump. First bmax is set to the current scale
radius of the distribution of clumps in the UFD, RclumpsðtÞ,
because this is roughly the orbit size of a typical clump. For
point particles, bmin was set to zero because there are no
sampling limitations for smooth DM. For the present case,
we can conservatively restrict the impact parameter to be
larger than the scale radius of each clump, such that any
DM particle sees the whole mass of the clump Mclump i.e.
we set bmin ¼ rs. Hence, we have,

Hclump ¼ 2
ffiffiffiffiffiffi
2π

p
G2ð1 − fclumpÞρDMMclump

×
σ2clump

ðσ2DM þ σ2clumpÞ
3
2

log

�
b290 þ RclumpsðtÞ2

b290 þ r2s

�
ð8Þ

We then integrate this heat transfer rate over the
distribution of clumps to find the total rate of energy loss
of the clumps:

dEclumpðRclumpsÞ
dt

¼
Z

dr 4πr2ρclumpsðrÞ

×HclumpðσclumpðrÞ;σDMðrÞ;ρDMðrÞÞ ð9Þ

And then we plug in the expression for the energy of the
clumps Eclump which is identical to EMACHO in Ref. [33]
with MMACHO set by Mclump. This is because the potential
energy and kinetic energy of an individual clump due to its

presence in the UFD should be the same as the correspond-
ingMACHO since the clump radius rs is much smaller than
the size of the UFD, RUFD. The initial condition is given by
Rclumpsðt ¼ 0Þ ¼ RUFD. And we can then solve for the
evolution of the scale radius of the clump distribution in
time, RclumpsðtÞ.
What we really care about is the enhancement in the

number density of clumps seen by the stars (i.e. at the
stellar scale radius R0;⋆) averaged over the age of the UFD,
TUFD compared to the average DM density without the
effect of migration. This is given by

ηNT ¼ 1

TUFD

Z
TUFD

0

dt
ρclumpsðR0;⋆ðtÞ; tÞ
ρclumpsðR; t ¼ 0Þ ð10Þ

Here, the subscript NT emphasizes that no tidal effects have
been included. Note that RclumpsðtÞ starts at RUFD at t ¼ 0

and stops contracting when it reaches [33] Rcutoff
clumps ≈

f
1
3

clumpRUFD i.e. when the density of clumps matches the
ambient smooth DM density. Note that almost the entire
range of 10−4 < fclump < 1 that we consider in this paper
corresponds to Rcutoff

clumps > 24.73 pc. Furthermore, since
R0;⋆ < 24.73 pc during its evolution, it is true that
R0;⋆ < Rclumps, i.e. the stars are always inside the region
containing the maximal density of clumps. Since the core
density inside Rclumps is roughly a constant owing to the
assumption of a Dehnen profile with γ ¼ 0, we can make
the approximation

ρclumpsðR0;⋆ðtÞ; tÞ ≈ fclump
3MUFD

4πR3
clumpsðtÞ

ð11Þ

In other words, we define the enhancement ηNT at the stellar
scale radius R0;⋆ but it would be the same when evaluated
at any radius inside the scale radius of the clumps.
The result of solving the differential equation for

RclumpsðtÞ and evaluating ηNT is plotted in Fig. 1 as a
function of the clump mass Mclump for different choices of
the density of the clump ρs for fclump ¼ 10−3 in dashed
lines. The solid lines are the result after clump survival in
tidal heating is included and will be discussed in Sec. III A.
Note that the ρs dependence comes through rs in Eq. (8).
Since rs only appears in the log in Eq. (8), the enhancement
is only weakly dependent on the clump density ρs. A five
order of magnitude drop in the clump density from
106M⊙ pc−3 to 10M⊙ pc−3 can be roughly compensated
by a factor of 2 increase in the clump mass to achieve the
same enhancement.
Thus we now know what to take for the local density of

clumps when we evaluate the heating of the stars by the
clumps.
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C. Direct heating rate of stars by clumps

In this subsection we calculate the direct heat transfer
rate from clumps to stars. By direct heat transfer we mean
clumps that pass directly through the stellar scale radius (as
opposed to tidal heating which we consider in the next
subsection).
In paper 1 [33] the heat transfer between stars (typical

massm⋆) and MACHOs (taken to be point objects) per unit
stellar mass, in the mMACHO ≫ m⋆ limit, was given as

H⋆ ¼ 2
ffiffiffiffiffiffi
2π

p
ρMACHOðtÞ

G2mMACHOσ
2
MACHO

ðσ2⋆ þ σ2MACHOÞ
3
2

× log

�
b290 þ b2max

b290 þ b2min

�
ð12Þ

where η is the enhancement in local number density due to
migration, bmax ¼ 3R0;⋆ and bmin ¼ bsamp and here R0;⋆ is
the stellar scale radius and bsamp is the sampling radius, i.e.
the smallest radius around a star through which at least
3 MACHOs will pass in the age of the UFD. We now
modify this formula to change from MACHOs (point
particles) to extended clumps with scale radius rs.
In the limit bmax > bsamp > rs, there is no need for any

modification since for scattering purposes, the clump is a
point particle due to Newton’s shell theorem. We just make
the obvious replacements mMACHO → Mclump, fMACHO →
fclump and σMACHO → σclump.
When bmax > rs > bsamp, we can conservatively take

bmin ¼ rs, requiring the star to pass outside the dark matter
clump. Although there will be some extra heating effect
from scatterings where the star passes through the dark

matter clump, we ignore this extra heating effect which
gives us a conservative bound.
Finally, when rs > bmax, we can conservatively choose to

use the heating effect of only a smaller part of each clump
(the part within a certain radius bopt of its center).We choose
this radius to be small enough that this part of the clump does
fit within the stellar distribution so bopt < bmax. This is
conservative because we are only using the heating effect of
a fraction of each clump, the rest of the clump will add some
extra heating but we neglect that to find a conservative
bound. Thus for impact parameters between bopt and bmax

we can still use our old point mass formula Eq. (12).We thus
take the minimum impact parameter to be bmin ¼ bopt. Then
we also have to replace Mclump → MencðboptÞ which is the
mass enclosed inside bopt, i.e. the mass of the smaller part of
the clump we are now considering. Since we are only
considering a concentric subsphere of the original clump and
this part has a smaller mass, we would also need to modify
the total mass density of clumps in Eq. (12) by replacing

ρclumps → ρclumps
MencðbÞ
Mclump

. In principle we could choose any

bopt so long as it was less thanbmax and it would give us some
conservative lower bound on the heating rate, however we
choose the optimum bopt which maximizes the heating rate
of the stars.
To summarize, the direct heat transfer rate from clumps

to stars per unit stellar mass is

H⋆;direct ¼ 2
ffiffiffiffiffiffi
2π

p G2σ2clump

ðσ2⋆ þ σ2clumpÞ
3
2

ρclumpsðtÞ
MencðbminÞ2

Mclump

× log

�
b290 þ b2max

b290 þ b2min

�
ð13Þ

Here, the radial dependence of ρclumps is suppressed owing
to the choice of a Dehnen profile with γ ¼ 0 such that the
DM density is near constant inside the DM scale radius.
Furthermore, as discussed in Ref. [33], the only time
dependence arises from ρclumpsðtÞ and to a good approxi-
mation, it can be replaced by its time average i.e.
ρclumpsðtÞ → ρclumpsðt ¼ 0Þ × ηNT which we do to simplify
the computation.
The quantity bmin is given by,

bmin ¼

8>><
>>:

bsamp bsamp > rs
rs bmax > rs > bsamp

bopt rs > bmax

ð14Þ

To get a feeling for where the optimization of bopt pushes
us in the case of rs > bmax, let us estimate bopt. The heating

rate is maximized when M2
encðbÞ × logðb290þb2max

b2
90
þb2 Þ is

maximized. For the density profile in Eq. (2), we find
bopt ≈

bmaxffiffi
e

p ≈ 0.6bmax when bmax ≫ b90 and bopt ≈ 0.7bmax

FIG. 1. The enhancement factor ηðR ¼ 24.7 pcÞ. This is the
enhancement of the clump density at the location of the stars
(averaged over the age of the UFD). The enhancement arises from
the heat transfer from clumps to diffuse DM which causes the
clumps to migrate inward toward the center of the UFD over time.
The enhancement ignoring clump destruction ηNT as given in
Eq. (10) is plotted in dashed lines. The effective enhancement
ηHHH as given in Eq. (30) is plotted in solid lines.
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when bmax ≪ b90. So in other words, the optimum pushes
us to take new, smaller clumps which are roughly the same
size as the stellar scale radius. Any smaller than this and we
would gain logarithmically in the range of impact para-
meters allowed for the scattering but lose like a power law
in the mass of the smaller clumps being considered. So the
optimum is pushed up very close to the maximum impact
parameter bmax.

D. Tidal heating rate of stars by clumps

In this subsection we calculate the tidal heat transfer rate
from the clumps to the stars. By tidal heating we mean
scatterings where the clump passes outside of the stellar
scale radius and so their dominant effect on all the stars is
the same. Thus they primarily cause a change to the center-
of-mass of the whole stellar population, but not internal
heating of the gas of stars. In this subsection we calculate
this suppressed heating rate.
We follow [33] and make a straight line approximation

for clumps passing by and causing tidal heating of the star
system. If a clump with massMclump passes by with impact
parameter b (distance from the center of the stellar
distribution), the energy injected into the star cluster by
one pass of a clump per unit stellar mass is [42],

hΔEdtðbÞi
Ms

¼ 4G2M2
clump

3v2rel
hr2i⋆AcorrðbÞ

χstðbÞ
b4

; ð15Þ

Here hr2i⋆ is evaluated over the star configuration (defined
in Ref. [33]), and Acorr is the adiabatic correction factor
since the stars are in orbit. vrel is the relative velocity
between stars and clumps. The function χst depends on the
density profile of the clump and is described in Ref. [42].
As a result the heating rate can be determined as,

H⋆;dt ¼
Z

bmax

bmin

ΔEdtðbÞ2πb db
ρclumpsðtÞ
Mclump

vclump ð16Þ

Similar to the direct heating case, we drop out the radial
dependence as well as the time dependence of ρclumps via
the replacement ρclumpsðtÞ ¼ ρclumpsðt ¼ 0Þ × ηNT, which is
a good approximation and simplifies the computation. The
lower limit of the integral is given by,

bmin ¼ Maxðbsamp; 3R0;⋆Þ ð17Þ

and bmax ¼ RUFD.

E. Limits without incorporating
clump destruction effects

In this subsection we use the above stellar heating rates
to set limits on what clumps can exist inside a UFD. We use
the UFD Segue-I with stellar scale radius of 24.7 pc as an
example. Roughly, we will call a point ruled out if the

clumps cause so much heating that in order to reproduce the
currently observed stellar scale radius, the stars initially
needed to start in a tight cluster of size less than 2 pc.
We solve the same differential equation derived in

Ref. [33] for the evolution of the stellar scale radius R0;⋆.

dR0;⋆

dt
¼ H⋆ðR0;⋆Þ

�
3πGM⋆

64R2
0;⋆

þ GMUFDR0;⋆

4R3
UFD

×

�
6 log

RUFD

R0;⋆
þ ð3 logð4Þ − 17Þ

��
−1

ð18Þ

where H⋆ ¼ H⋆;direct þH⋆;dt. Setting R0;⋆ðtodayÞ ¼
24.73 pc and η ¼ ηNT, we set limits on the heating rate,
and hence limits on the clumps by requiring that
R0;⋆ðt ¼ 0Þ > 2 pc. A parameter point that predicts
R0;⋆ðt ¼ 0Þ < 2 pc is ruled out. We plot the inferred limits
in the ρs vs Mclump plane in Fig. 2. It is important to stress
that these are not limits on this parameter space, since
survival under clump destruction effects, covered in Sec. III
are not incorporated yet. We display this figure solely to
explain the dependence of the limits on the density of the
clumps.
We see that as the clump density ρs increases toward

106M⊙ pc−3 we see that the boundaries become almost
vertical. On the right side the boundaries are exactly
vertical and are set by sampling effects as explained
in [33]. On the left side the boundaries are changing only
logarithmically with the density. As the density increases at
a fixed mass the clumps become smaller. This increases the
range of impact parameters allowed in the log in the heating
rate, thus slightly increasing the heating rate and allowing
us to rule out slightly lower masses. But for the higher

FIG. 2. This figure shows what the limits from stellar heating in
the clump density vs clump mass plane would have been if there
were no effects that caused destruction of clumps in UFDs. So
note that these are NOT the real limits, the real limits including
destruction of clumps from tidal heating/stripping effects are
shown in Fig. 5. We show curves for several different fractions
fclump.
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densities we consider, the low mass clumps are already
quite small and this effect is small. For lower densities we
can see the lines on the left side bending due to this
logarithmic effect. If we kept plotting up to very high
densities this plot would of course reproduce the results for
(point-like) MACHOs/PBHs from [33]. Note that fractions
of DM as low as fclump ∼ 10−4 can be constrained.

III. CLUMP SURVIVAL IN UFDS

In hierarchical structure formation, the clumps formed
via collapse act as particles when larger halos begin to
collapse later. These clumps that are now gravitationally
bound to the UFD can undergo mass loss due to various
processes. We use the formalism developed in [42] to
quantify clump survival due to the different processes.
In all processes of interest, we will consider a clump A

transiting another object B. Here B could be individual
stars, other individual clumps or the host halo.
Let the particles of clump A have individual velocities vi

and Δvi be the velocity kick caused by the transit of B.
Then, the energy increase in clump A per unit mass is
given by,

ΔEi ¼ vi · Δvi þ
1

2
ðΔviÞ2 ð19Þ

The first term averages to zero, but a diffusion term
survives. After N encounters,

ΔEiðNÞ ¼
ffiffiffiffi
N

p
vi · hΔvii þ N

1

2
hΔvii2 ð20Þ

We will next show that it is justified to consider only the
second term in order to calculate subhalo harassment. It
was shown in [42] that ΔEi ≥ Ei is needed for the clump to
get appreciable tidal heating. To be conservative we require
that the total energy transferred ΔEtot ≡P

i ΔEi does not
exceed the binding energy Eb ≡ jPi Eij, i.e.

Eb ≥ ΔEtot ð21Þ
in order to avoid disruption. Right on the edge of our
disruption condition, when ΔEi ∼ Ei, the two terms in
Eq. (20) are comparable. For small energy transfer ΔEi and
small N, the first term dominates. The second term starts
becoming important when ΔEi is comparable to the
initial energy per mass, Ei ∼ v2i ≈ NΔv2i ∼ ΔEi. After this,
the second term dominates. Since Ref. [42] found that
Eb ≫ ΔEtot for significant mass loss in clumps. In this limit
the second term s the relevant one and hence we consider
only the second term going forward.
Next let us estimate both the left-hand side (lhs) and

right-hand side (rhs) of Eq. (21). The lhs is given by,

Eb ¼ 4πG
Z

drrρðrÞMencðrÞ ð22Þ

The rhs, for a given impact parameter b, is given by [42],

hΔEðbÞi ¼ 4G2M2
BMA

3v2rel
hr2iAcorr

χstðbÞ
b4

ð23Þ

Here hr2i is the density averaged r2 over the clump “A”.
The function χst is also defined in [42] and it captures the
density profile of object B. It is smaller than unity for an
extended mass distribution and one for a point mass. Here
Acorr is the adiabatic correction factor to account for the
dilution in tidal heating when the orbital frequency of
particles in A about A’s center is larger than the time for A
to transit B. We describe the particular form of Acorr in each
individual subsection.
In the rest of this section, we adapt this formalism for

different choices of B.

A. Host halo heating

We discuss the heating of clumps due to the gravitational
potential of the host halo in this subsection. We identify A
with the clumps and B with the host halo.
For a host halo that satisfies a Dehnen profile with γ ¼ 0,

we can simplify the function χst that captures the profile
information of the host in the b ≪ RUFD limit. Taking the
expression χst from [42], we find in the b ≪ RUFD limit,

χstðbÞ ¼
b4

4R4
UFD

: ð24Þ

Furthermore, for NFW cores, hr2i ¼ 0.41r2s . Thus,

hΔEHHHi ¼ 0.41
4G2M2

UFDMclump

3v2rel
r2s

Acorr;HHH

4R4
UFD

ð25Þ

Here the subscript HHH stands for host halo heating.
To our knowledge, thus far, the adiabatic correction for

host halo heating has only been derived in the b ≈ Rhost
limit, i.e. when the typical pericenter of the clump orbit is
comparable to the scale radius of the host halo. In our case,
we are interested in the survival of clumps that pass near the
stars in the UFD, rather than the typical clump, since it is
these clumps which are responsible for the heating of the
stars. Thus we are interested in the case b ≈ R0;⋆ ≪ Rhost ¼
RUFD where R0;⋆ is the stellar scale radius of the UFD.1

The adiabatic correction kicks in when the timescale of
scattering with the host halo τ is longer than the orbital
period of particles about the clump 1

ω. τ is typically taken as
τ ¼ b

vrel
where b is the impact parameter. However, since the

clump spends all its orbit inside the UFD, it is possible that
τ is much larger, OðRclumps

vrel
Þ. Here RclumpsðtÞ is the scale

1Our discussion holds even in the case where pericenter
changes from orbit to orbit. This is because as we show later
the pericenter drops out of our calculations entirely.
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radius of the clump distribution which evolves in time since
the clumps feel dynamical friction. To estimate this, we
construct a toy model of a mass on a spring that undergoes
simple harmonic motion with frequency ω. This approx-
imately captures the orbit of individual particles about the
clump center. We then integrate the tidal force as the center
of this harmonic oscillator traverses the UFD with peri-
center b. For the γ ¼ 0 Dehnen profile, we confirm that the
adiabatic correction is indeed very weakly dependent on b
but instead depends on Rclumps in the b ≪ Rclumps limit.
Hence we take the adiabatic factor to be

Acorr;HHH ¼
�
1þ v2orb

r2s

R2
clumps

v2rel

�−3
2

ð26Þ

Here vorb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0.45GMclump

rs

q
is the typical orbital velocity of a

particle about the clump Thus, the heating due to one
passage given in Eq. (25) is independent of the pericenter b.
Hence, the instantaneous heating rate for an individual

clump is given by

HHHHðtÞ ¼ hΔEHHHðRclumpsðtÞÞi
vclumps

RclumpsðtÞ
ð27Þ

RclumpsðtÞ is obtained by solving the migration differ-
ential Eq. (9).
The total amount of energy imparted after time t is

given by,

ΔEtot
HHHðtÞ ¼

Z
t

0

HHHHðt0Þdt0 ð28Þ

Using this quantity we can estimate the time taken for a
clump to be destroyed by host halo heating, tHHH. This is
the time taken for the total energy imparted to equal the
binding energy, i.e.

ΔEtot
HHHðt ¼ tHHHÞ ¼ Eb ð29Þ

We next define an effective density enhancement after
incorporating host halo heating ηHHH,

ηHHH ¼ 1

tUFD

Z
THHH

0

dt
ρclumpsðR0;⋆; tÞ
ρclumpsðR; t ¼ 0Þ ð30Þ

the difference between this equation and Eq. (10) is that the
upper limit of the integral is now set to tHHH. We generally
want to know the density enhancement (or reduction) in the
location of the stars, so we evaluate this at the scale
radius of the stars. However once again, we can actually
evaluate this anywhere inside the clumps scale radius so we
replace ρclumpsðR0;⋆; tÞ with its approximate value derived
in Eq. (11).
ηHHH is plotted in Fig. 1 as a function of the clump mass

Mclump for different choices of the density of the clump ρs

for fclump ¼ 10−3 in solid lines. One can see that for core
densities down to ρs ≈ 103M⊙ pc−3, ηHHH is identical to
ηNT (dashed lines), i.e. the effect of host halo heating is
negligible. However there is a large deviation in ηHHH from
ηNT for ρs ¼ 100M⊙ pc−3 for masses 3 × 104M⊙ and
above. This can be understood as the effect of migration,
which reduces Rclumps which in turn exacerbates host halo
heating. Nonetheless ηHHH is still larger than unity. For
ρs ¼ 10M⊙ pc−3, the density is so low that tHHH ≪ tUFD
even for small clump masses where migration is negligible.
As a result ηHHH is smaller than unity for these densities,
meaning that the host halo heating effect destroys the
clumps fast enough that this effect is larger than the
migration effect and thus there is less total heating.

B. Clump-clump harassment

The issue of subhalo-subhalo harassment was treated in
detail in [42]. Hence our discussion mirrors the one found
in the above reference. Specifically we identify both A
and B with clumps in this subsection. Therefore the energy
imparted per clump-clump collision is given by,

hΔECCHðbÞi ¼ 0.41
4G2M3

clump

3v2rel
r2sAcorr;CCH

χstðbÞ
b4

ð31Þ

Here, the subscript CCH stands for clump-clump harass-
ment. Here,

Acorr;CCH ¼
�
1þ v2orb

r2s

b2

v2rel

�−3
2 ð32Þ

The total energy imparted over the age of the UFD is
then,

ΔEtot;CCH ¼
Z

bmax

bmin

hΔECCHðbÞi2πbdb

× ηHHHfclump
ρDM

Mclump
TUFDvrel ð33Þ

Note that we use the enhancement ηHHH that was evaluated at
the scale radius of the stars which was shown to be a good
approximation for any radius smaller than Rclumps. Since a
majority of the clumps sit inside Rclumps as well, ηHHH is an
excellent approximation for the enhancement in clumps that
any individual clump sees. Here bmin is given by solving
πb2minηHHHfclump

ρDM
Mclump

vrel ¼ 1 and bmax ¼ RUFD. Unlike the

other processes discussed thus far, subhalo harassment
depends on the fraction of DM in clumps i.e. fclump. After
all, ΔEtot;CCH ¼ 0 for ηHHHfclump ¼ 0 and monotonically
increases with ηHHHfclump. Hence a ηHHHfclump exists for
which ΔEtot;CCH ¼ Eb. We define this quantity as fsafeclump, i.e.
the maximum effective DM fraction ηHHHfclump that is safe
from clump-clump harassment. We plot contours of fsafeclump in
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the ρs vs Mclump plane in Fig. 3. Scale densities ρs above a
particular fsafeclump contour are safe from harassment for
fsafeclump ¼ ηHHHfclump. In the small Mclump limit, the heating
rate is proportional toMclump and hence larger ρs are required
to keep the clumps harassment free for larger masses.
However, at some large mass that is fclump dependent, the
low sampling rate leads to large impact parameters which in
turn leads to a large adiabatic correction. This dilutes the
clumps harassment rate which leads to the turn around
behavior. We see that for fsafeclump ¼ 0.01 scale densities
ρs ¼ 0.01M⊙ pc−3 are safe from harassment for the entire
range of clump masses we consider.
Clump-clump harassment is incorporated by taking the

minimum of ηHHHfclump and fsafeclump for any parameter point
fρs;Mclumpg, i.e. the effective clump fraction we take never
exceeds the safe fraction with regard to clump-clump
harassment. The final result of this section is that we have
derived a replacement rule

ρclumpsðtÞ → ρDM ×MinðηHHHfclump; fsafeclumpÞ ð34Þ

which should be substituted in Eq. (13) for direct heating
and Eq. (16) for tidal heating2 respectively.
We also calculated harassment from individual stars but

it is far subdominant to all other clump destruction
processes so we do not discuss it further.

C. Effects of clump destruction on constraints

In this subsection we show the effects that these clump
destruction processes have on our constraints. Without
these processes we would have set the constraints in Fig. 2.
However these destruction processes cut off the curves
below some density.
We demonstrate the effect of these clump destruction

processes for a single value of fclump in Fig. 4.
First, the constraint that would be derived if all the

clumps were deemed to survive without incorporating tidal
heating processes is shown in dashed red. This is the same
red dashed line from Fig. 2. Next, we show the contour after
incorporating host halo heating alone in dotted line (labeled
HHH only). We see that this roughly cuts of the constraint
at ρs ≈ 10M⊙ pc−3. Finally, incorporating both host
halo heating as well as clump-clump harassment (CCH)
produces the solid red curve. We see that CCH is
not a significant process as compared to HHH for
Mclump ≳ 104.5M⊙. This is the mass range where host halo
heating significantly affects ηHHH as seen in Fig. 1 owing to
significant migration. Coincidentally, it is also the mass
range where CCH peaks as seen in Fig. 3. For smaller
masses where CCH dominates, we see a further dent in
constraints for “HHH+CCH” as compared to the “HHH
only” curve. We also replot the fclump

safe ¼ 0.1 contour from
Fig. 3 to illustrate the fact that CCH is an issue only below
the black contour. This is the reason why the “no HHH or
CCH” (dashed) curve and the “HHHþ CCH” (solid) curve
share a common intersection point with the fclump

safe ¼ 0.1

FIG. 3. Contours of fsafeclump are plotted in the ρs vsMclump plane.
Scale densities ρs above a particular fsafeclump contour are safe from

clump-clump harassment for fsafeclump ¼ ηHHHfclump.

FIG. 4. Limits on clump parameter space after incorporating
various clump destruction processes, taking fclump ¼ 0.1 as an
example. The “no HHH or CCH” dashed line contains no clump
destruction and is identical to Fig. 2. The “HHH only” dotted line
incorporates only host halo harassment. The “HHHþ CCH”
solid line additionally incorporates clump-clump harassment. The
fsafeclump ¼ 0.1 black line is identical to the red line in Fig. 3 and
reproduced here for reference. The solid red line heres is
reproduced as the solid red line in Fig. 5 along with contours
for other fclump.

2Note that the enhancement factor ηHHH technically applies
only inside the clumps’ scale radius while the tidal heating comes
from clumps at all distances. However the contribution to the tidal
heating coming from clumps outside the tidal radius is negligible
here, partly because everywhere that tidal heating is even relevant
[see Fig. 5(b) of [33] ] the clumps’ tidal radius remains always
much bigger than 24.7 pc.
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curve (black). The solid lines after incorporating both host
halo heating as well as clump harassment are the main
result of this paper. We discuss only these contours moving
forward. Below we discuss contours for many values
of fclump.

IV. RESULTS

In this section we present our results for constraints on the
DM subhalos/clumps in a UFD arising from their heating
effect on the stellar population. We use the heating rate
calculation given in Sec. II to find the parts of clump
parameter space (clump mass, density, and dark matter
fraction) which produce excessive heating, assuming such
clumps exist in the UFD. This produces the region shown in
Fig. 2 where, if such clumps existed in the UFD, they would
have caused too much heating of the stars. We then combine
this with the calculations of Sec. III which determine the
minimum density necessary for a clump to survive destruc-
tion in the environment of the UFD (as a function of clump
mass and fraction of dark matter). This puts a lower bound
on the regions of Fig. 2 where clumps could exist and thus
cuts off our constraints at the lowest densities. Combining
these gives our main result shown in Fig. 5.

A. Limits on clumps in UFDs

Figure 5 shows our constraints on the clump parameter
space in the three variables: clump mass Mclump, clump
density ρs, and fraction of dark matter made up of these
clumps fclump.
The left plot of Fig. 5 appears similar to Fig. 2 except the

limits are cut off below a certain density because clumps of
such low densities are destroyed by tidal forces in the UFD
before they can heat the stars excessively. For masses above
∼105M⊙ the lower limit on the density that we can
constrain comes from host halo heating. For masses below

∼105M⊙ the lower limit arises from clump-clump harass-
ment. The constraints cut off sharply at high masses (the
vertical edges on the right side of the curves) because of
sampling; past those edges there simply are not any clumps
of that size in the UFD. The left edge of each curve at low
masses comes from the heating rate calculation, at masses
below those edges such clumps would not heat the stars
significantly.
The right plot of Fig. 5 is similar to the main results in

Fig. 6 of paper 1 [33]. Thus we see that for clumps of high
enough density (above ∼106M⊙ pc−3) there is essentially
no difference from the point mass (MACHO/PBH) case.
Such dense clumps do not get destroyed by the
environment of the UFD. And the fact that they are spatially
extended (much more so than a PBH for example) makes
almost no difference to the heating rate since gravitational
scattering is inherently long-range and the only loss is a
small reduction in the log [see Eqs. (13) and (14)
for example]. As ρs is dialed down, we see there is an
abrupt drop in limit at a small enough Mclump. This is
due to clump-clump harassment and occurs when the
contour hits fclump ¼ fsafe. For much smaller densities
ρs ≈ 10M⊙ pc−3, we finally see the effect of host halo
heating which further suppresses the constraints.

B. Primordial power spectrum

We can now translate our limits on the existence of
clumps in UFDs into limits on the primordial power
spectrum of density perturbations from inflation. The
primordial power spectrum determines the distribution of
masses and densities of dark matter structure that forms
in the early universe. There are of course significant
uncertainties in predicting the spectrum of clumps in a
UFD that will arise from a given primordial power
spectrum of density perturbations. For simplicity we will
take an analytic procedure for estimating this, and try to

FIG. 5. Our constraints on clump parameter space in clump massMclump, clump scale density ρs, and fraction of dark matter made up
of clumps fclump. In the left plot, the different lines represent contours of different fraction fclump in the ρs—Mclump plane. In the right
plot the different lines represent contours of different ρs in the fclump-MclumpMclump plane.
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keep our estimated limits on the primordial power spectrum
as conservative as possible.
Current observations are consistent with a nearly scale

invariant primordial power spectrum up to comoving wave
number k ≈ 3 Mpc−1

PCMBðkÞ ¼ Pðk�Þ
�
k
k�

�
ns−1 ð35Þ

with log ð1010Pðk�ÞÞ ¼ 3.047� 0.014 and ns ¼ 0.966�
0.004 with k� ¼ 0.05 Mpc−1 obtained from Ref. [43].
Limits on low mass halos from strong lensing was used to
constrain power down to the 10 Mpc−1 scale in Ref. [44].
There are only very weak limits Pk ≈ 10−4 at larger scales
arising from y and μ distortions of the CMB as measured by
FIRAS [45].
Here we translate the derived limits on clumps onto limits

on the primordial power spectrum at higher scales. We
choose to place constraints on a power spectrum which is the
nearly flat spectrum given above plus a spike in the spectrum
at some k which is higher than the range of observations.
So we model the excess power on small scales as a delta

function at scale khigh

PðkÞ ¼ PCMBðkÞ þ Pkkhighδðk − khighÞ ð36Þ
We will then place limits on the amount of power at short
scales in the Pk vs khigh parameter space.
Given a primordial power spectrum PðkÞ, we can obtain

the linear matter spectrum PlinðkÞ via,

PlinðkÞ ¼
1

4
2π2PðkÞTðkÞ2k

�
1

keq

�
4

ð37Þ

Here, keq is the wave number of the perturbation mode that
enters the horizon at matter-radiation equality and TðkÞ is
the transfer function, which we take from Eisenstein and
Hu [46]. We can next calculate the variance,

σ2ðR; zÞ ¼ D2ðzÞ
2π2

Z
k2PlinðkÞW̃2ðkRÞdk ð38Þ

where DðzÞ, is the growth function, which we obtain from
Ref. [47] and W̃ðkRÞ is the filter function and R is the
comoving length scale.
The filter functions we consider are

W̃tophatðxÞ ¼
3

x3
ðsinðxÞ − x cosðxÞÞ

W̃gaussianðxÞ ¼ e−x
2=2 ð39Þ

The halo mass function at a redshift z is given by,

dnclumpðzÞ
d lnMclump

¼ fðσÞ ρMðzÞ
Mclump

d ln σ−1

d lnMclump
ð40Þ

Here, nclump is the number density of clumps, with
clump mass Mclump and ρMðzÞ is the nonrelativistic matter

density at redshift z. Since R is a comoving scale, we set
Mclump ¼ 4

3
πR3ρcritΩm, where ρcrit is the energy density of

the universe today and Ωm is the matter fraction today. This
can be used to write σ as a function of Mclump. The
multiplicity function fðσÞ is chosen to be that given by
Press-Schechter [48] for limit setting purposes. We also
provide limits with other choices such as Sheth-Tormen
[49] and Watson et al. [50] in order to show how much our
limits depend on this choice.
Now that we have the number density given a primordial

power spectrum, we can compare it to the limits derived in
the previous section, to finally obtain the limits on
primordial power. Our procedure for setting this limit is
as follows. Given a primordial power spectrum PðkÞ, we
obtain the fraction of DM that has collapsed into clumps
with masses within a decade ofMclump mass by redshift z as

fclump;PðkÞðMclump; zÞ ≈Mclump
dnclumpðzÞ
d lnMclump

ð41Þ

For a clump that collapsed at redshift z, its average
density is given by

hρclumpiðzÞ ≈ ΔρcritΩmð1þ zÞ3 ð42Þ

Here Δ ≈ 200 is the resultant over density above the
ambient matter density due to gravitational collapse. If
we assume that this results in NFW cores, then the density
at the scale radius of the clump is

ρsðzÞ ≈
Δ

2.317
ρcritΩmð1þ zÞ3 ð43Þ

The limits we set in Fig. 5 give a maximal allowed
fraction f as a function of mass and density, namely
fclump;limðMclump; ρsÞ. Thus, we consider a PðkÞ distribution
ruled out if there exists any z and any Mclump for which,

fclump;PðkÞðMclump; zÞ > fclump;limðMclump; ρsðzÞÞ ð44Þ

So to decide whether a particular PðkÞ is ruled out, we scan
over all z3 and all Mclump.
If a particular PðkÞ from Eq. (36) is ruled out, then we

will say that value of Pk is ruled out at the scale k ¼ khigh.
We plot the limits on Pk vs k obtained this way as the

blue curve in Fig. 6.
Our limits on the power spectrum of primordial density

perturbations Pk vs the wave number k are more than two
orders of magnitude stronger than existing bounds in this

3Actually we only include redshifts that are before the time of
formation of a UFD which we assume to be around z ∼ 6–10.
However this constraint does not affect our result at all because
we will only use much higher redshifts in order to get to the
clump densities that our results can constrain.
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range from FIRAS (red) via μ-distortions and y-distortions
[45]. They extend beyond wave numbers k ≈ kpc−1. At
longer length scales, the power is measured by CMB
(green) [51] and Lyα (orange) [52]. For comparison we
also show PCMB from Eq. (35) i.e. the nearly scale-invariant
Planck constrained power extrapolated to much higher k in
black-dashed. The blue shaded region corresponds to the
top-hat window function with the Press-Schechter multi-
plicity function and Δ ¼ 200.
In the left panel, we illustrate the uncertainty associated

with the choice of filter. A Gaussian filter (dot-dashed blue)
shifts the limits somewhat to lower k. While we have
chosen Δ ¼ 200 to be conservative, far higher values of Δ
are found in literature [16,30]. To illustrate the constraining
power for a larger Δ, we show the limit for a top-hat
window and Δ ¼ 1390 (which corresponds to Cρ ¼ 600 in
Ref. [30]) in dashed lines. As expected, this puts deeper
constraints on the primordial power.
In the right panel, we show alternate choices of the

multiplicity function: Sheth-Tormen (Dashed) and
Watson13 (Dot-dashed). As seen, the constraints are fairly
independent of the choice of multiplicity function.

C. Isocurvature perturbations

Our limits apply not just to adiabatic density perturba-
tions as discussed above, but also to isocurvature pertur-
bations in the dark matter density alone. Anything that
causes dark matter to form structures at the relevant scales
∼10–108M⊙ will be constrained by our approach. We show
our limit on the power spectrum of dark matter isocurvature
perturbations PDM;iso in Fig. 7. Again we have taken a delta
function spike at k for the DM isocurvature power spectrum
to make this plot.

The solid blue line in Fig. 7 for limits on the isocurvature
power spectrum is higher than the solid blue line in Fig. 6
for the adiabatic power spectrum. This is because isocur-
vature perturbations do not have log growth prior to matter-
radiation equality, unlike adiabatic perturbations which do
grow logarithmically. Thus the transfer function for iso-
curvature perturbations lacks the log growth factor that is in
the adiabatic transfer function (see e.g. [53]).

FIG. 6. Our limits (blue) on the power spectrum of adiabatic primordial density perturbations PðkÞ vs the wave number k. These are
significantly stronger than existing bounds in this range from FIRAS (red) via μ-distortions and y-distortions [45]. At longer length
scales the power is measured by CMB (green) [51] and Lyman-α (orange) [52]. For comparison we also show the nearly scale invariant
power measured by Planck extrapolated to higher k (black-dashed). The blue shaded region corresponds to the top-hat window function
with the Press-Schechter [48] multiplicity function and Δ ¼ 200. In the left panel, we illustrate the uncertainty associated with a choice
of filter, the Gaussian (dot-dashed blue), as well as an alternate choice of Δ ¼ 600. In the right panel, we show alternate choices of the
multiplicity function: Sheth-Tormen [49] (dashed) and Watson et al. [50] (dot-dashed).
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FIG. 7. Our limits (blue) on the power spectrum of dark matter
isocurvature primordial density perturbations Pk vs the wave
number k. These are the only bounds we know in this range of
scales. Also shown are the PIXIE projections via μ-distortions
obtained by appropriately rescaling the projections for the
adiabatic power spectrum found in [45] (Refer to text for more
details). At longer length scales the isocurvature power cannot
exceed the power measured in the CMB by Planck (green) [51]
and Lyman-α (orange) [52]. At even longer scales, the limits on
isocurvature set by Planck Ref. [51] are shown (dark green).
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We also show existing constraints on the dark matter
isocurvature power spectrum arising from Planck [51] (dark
green), which require dark matter isocurvature to be no
more than 4% of the power in the adiabatic density
perturbations at those scales. Further, as a rough approxi-
mation we assume the dark matter isocurvature perturba-
tions cannot be larger than the measurements of the total
power spectrum in adiabatic perturbations from CMB (light
green) [51] and Lyα (orange) [52], however these two
curves are also modified from their values in Fig. 6 because
of the different transfer function for isocurvature
perturbations.
Note that the FIRAS constraints on the adiabatic

perturbations do not appear in Fig. 7. The FIRAS con-
straints are actually constraints on the photon power
spectrum Pγ . Dark matter isocurvature perturbations
will alter the photon power spectrum at horizon reentry
on the corresponding scales, but this is suppressed by

Pγðk≈aHÞ∼Oð10Þk2eqk2 PDM;iso [54] where keq∼0.01Mpc−1

is the comoving scale of matter-radiation equality. Thus the
FIRAS constraint is suppressed significantly and does not
appear on the plot. A projection for the sensitivity of PIXIE
to dark matter isocurvature perturbations [55] is shown in
Fig. 7 which we derived using the same suppression factor
as for FIRAS.
We are not aware of any other constraints besides ours on

dark matter isocurvature perturbations in the same range of
scales as our limits.
We can also ask how our results constrain a power law

spectrum for the DM isocurvature perturbations rather than
a delta function spike at a given k. We take the para-
metrization of [55]

PDM;iso ¼ Aiso

�
k
k0

�
niso−1 ð45Þ

where k0 ¼ 0.002 Mpc−1. We show limits on Aiso as a
function of niso in Fig. 8. Our limits are stronger than
existing constraints, which arise dominantly from Planck
(green) [51] and Lyα (orange) observations at lower k. The
Lyα constraint fromMIKE/HIRES [56,57] was only placed
on a spectrum with niso ¼ 4 so we only show it there. The
Lyα constraint from SDSS [52] is obtained by requiring
that PDM;isoðkÞ is smaller than the SDSS Lyα limit at
k ≈ 3 Mpc−1 (as shown in Fig. 7). A similar procedure but
invoking the isocurvature limits from Planck [51] at
k ¼ 0.1 Mpc−1 produces the dark green line. And finally
a similar procedure using Planck’s constraints on adiabatic
power [51] produces the light green line. Also shown are
limits from FIRAS and projections from PIXIE as derived
in Ref. [55].
Note that when niso ¼ 4 the power spectrum is ∝ k3 and

we set a limit Aiso < 6 × 10−20. This is a universal, white
noise form that arises in many production mechanisms for
ultralight dark matter (see e.g. [15,54,58]). Our results give

the strongest constraints on this generic form of the DM
isocurvature spectrum which applies to many models.

V. DISCUSSION

We have placed limits on the existence of dark matter
subhalos by the heating effect they would have on the stars
in an ultrafaint dwarf galaxy, see Fig. 5. This bounds
subhalos of mass between about 10M⊙ and 108M⊙. There
are many ramifications of this bound. For example we
demonstrated that this places limits on the primordial
power spectrum over a range of higher k (shorter distances)
than CMB or Lyα measurements can reach, see Fig. 6.
These limits are orders of magnitude stronger than existing
limits in this range. And at k ∼ 100 Mpc−1 the limit we
place currently with UFDs is almost as strong as the
projected limit that the PIXIE mission would be able to
place (see e.g. [45,59]). Further, we also constrain dark
matter isocurvature perturbations, giving the strongest limit
in this range of k, see Fig. 7. Many models produce a rising
power-law spectrum of dark matter isocurvature perturba-
tions. For such models our constraint is stronger than the
Planck or Lyα constraints on isocurvature, see Fig. 8.
Although these limits are not currently able to constrain a

straight-line extrapolation from lower-k CMB measure-
ments, it may be possible to improve the reach of this
technique in the future. The lowest power that we can
constrain (Fig. 6) is being limited by the lowest density
clumps that we can constrain (in Fig. 5 left). This lower
edge of the density constraints is primarily limited by what
density clumps actually survive in the environment of the
UFD. In order to estimate this we have made multiple
conservative assumptions. Thus it is possible that a sim-
ulation of subhalos inside a UFD could improve these
bounds. Further, considering host objects other than UFDs

FIG. 8. Our limit (blue) on a power law isocurvature dark
matter power spectrum PDM;iso ¼ Aisoð kk0Þniso−1 is shown in the
Aiso vs niso plane. We calculate existing limits from Planck’s
isocurvature measurement (dark green) and adiabatic power
constraints (light green) [51] and Lyman-α (orange), see text
for more details. Limits from FIRAS (red) [55] as well as
projections from PIXIE (red dashed) [55] are also shown.
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might improve these bounds since the high densities of the
UFD can lead to greater destruction of clumps.
Additionally, as discussed in [33], itmight even be possible

to look for positive signals of this heating effect from clumps
on stars, thus possibly providing a way to actually detect the
presence of dark matter subhalos at masses below ∼108M⊙.
Thiswould require a large sample ofUFDs andmore accurate
predictions for the effect of such heating on the stellar
distributions as a function of the various parameters of the
UFD (density profiles, size, age, etc.).
Even without reaching the straight-line extrapolation,

this significant improvement in the limits on the primordial
power spectrum (or really on the existence of subhalos) can
have important consequences.
For example, it was recently pointed out that our current

knowledge of the power spectrum puts a lower limit on the
possible mass of the dark matter particle, under certain
assumptions about the DM formation mechanism [58]. Our
bounds are at significantly higher k and thus likely signifi-
cantly strengthen this bound on the mass of dark matter.
And of course, our new bounds limit certain models of

inflation which would generate additional power at these
higher k (there are many papers on inflationary models
which generate higher power at high k but for some
examples see [1–6]).
Further, even if the initial power spectrum from inflation

is flat, nontrivial dynamics of dark matter could generate
more substructure than expected for standard CDM (see
e.g. [11–26]). For example axion dark matter can form
large, dense clumps [14], so some axion DM parameter
space can be explored/constrained using our results. Or for
example self-interacting dark matter (SIDM) is known to
change dark matter structures on short scales. SIDM can
greatly increase the density of the cores of dark matter
subhalos (see e.g. [17–21]). These cores would then be
much more likely to survive the various tidal destruction
forces at work in the UFD environment. Thus, our limits
could put strong constraints on SIDM. We leave consid-
eration of this for future work.

In [33] we applied this heating effect to set limits
on effectively point-like objects (MACHOs/PBHs). In this
paper we applied the effect to find limits on gravitationally-
bound clumps of any kind of dark matter. However, our
results will also apply to extended dark objects bound
together by forces stronger than gravity such as axion halos
(see e.g. [14,41,60]). And in fact our results will be stronger
when applied to such objects, assuming the binding force is
stronger than gravity, since the main effect limiting our
results was the tidal destruction of the dark matter clumps.
The extended size of the object does not decrease the
heating effect significantly since it only affects the log as
discussed above. For objects that do not get tidally
disrupted, our limits would become as strong as the curves
in Fig. 2 rather than the curves in Fig. 5 (left). Our bounds
are complementary to existing bounds (see e.g. [60]).
Previously there was a gap in the limits on extended dark
objects making up all of dark matter for masses above about
10M⊙ which our bounds close [60].
Studying structures smaller than currently observable

dwarf galaxies is an exciting way to learn more about
cosmology and dark matter. We believe that studying the
heating effect such structures have on stars is one very
promising technique for learning more about such small-
scale structure in our universe.
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