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Abstract

We point out that dark matter which is produced non-adiabatically in a phase transition (PT)
with fast bubble walls receives a boost in velocity which leads to long free-streaming lengths.
We find that this could be observed via the suppressed matter power spectrum for dark
matter masses around 102 — 10° GeV and energy scales of the PT around 10% — 103 GeV.
The PT should take place at the border of the supercooled regime, i.e. approximately when
the Universe becomes vacuum dominated. This work offers novel physics goals for galaxy
surveys, Lyman-q, stellar stream, lensing, and 21-cm observations, and connects these to the
gravitational waves from such phase transitions, and more speculatively to possible telescope
signals of heavy dark matter decay.
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1 Introduction

Two major constraints on the properties of dark matter (DM) come from observations of the CMB
and the large scale structure of matter. The former is a powerful probe of the energy content of
the Universe, precisely constraining the matter content of baryons and dark matter, along with the
other ACDM parameters [[I]]. Observations of the matter power spectrum, on the other hand, while
helping pin down the DM density, also provide strong constraints on the DM velocity dispersion.

The matter power spectrum has been measured at large scales through galaxy surveys [2],
at intermediate scales through weak lensing observations [3]], and at the smallest scales through
Lyman-« forest data [4-7]], Milky Way satellite [8]], stellar stream [9]], and strong lensing observa-
tions [[10H13]]. The reported limits on a small scale cut in the spectrum are typically given in the
context of standard warm DM, i.e. two component fermionic DM that freezes out while relativis-
tic, and are in the range mywpy = (2 — 7) keV [4+13]]. Future observations of the 21-cm signal
could push this constraint to mywpy = 15 keV [14]. The mypy limit is not applicable model
independently. When considering alternative models, one can instead calculate and compare with
the free streaming length or velocity dispersion. Taking a fiducial value, mwpy = 5 keV, corre-
sponds to DM free streaming length at matter-radiation equality of \(Z.q) ~ 0.1 Mpc, or a mean
velocity [[15H17]]
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where 75 ~ (.8 eV is the photon temperature at matter-radiation equality. It is possible to have
DM with a non-negligible v(t.q), which we will generically refer to as non-cold DM (NCDM),
with a mass much larger than 5 keV. Known examples are DM coming from the evaporation of
priomordial black holes [18-21]], freeze-in [[22124], decay of heavier particles [22,24,25]], or with
large interactions [26L[27]]. The effect of early phase transitions (PTs) directly on the late time DM
velocity, however, through the kick the DM particles receive at the phase boundary, has so far not
been considered. For alternative mechanisms where PTs modify the matter power spectrum, but
at (much) lower temperatures, see [28-36].

Particles which gain a mass when crossing the bubble wall separating the high and low temper-
ature phases, also obtain a boost in the original plasma (eventual CMB) frame [37]]. In principle,
if the DM interactions with the thermal bath following the PT are sufficiently weak, the DM will
not return to kinetic equilibrium. In this way, the momentum gained at the time of the PT, suitably
redshifted, can lead to NCDM. In the case of DM simply gaining a mass during the PT, such as
in [[38-40]], however, the velocity dispersion is negligible compared to current limit even if the PT
is supercooled. The reason is the presence of irreducible interactions with the scalar driving the
PT, which means the DM will not retain a large enough velocity to approach free streaming lim-
its. Similar conclusions hold in models of supercooled composite DM; although initially highly
boosted, theoretically unavoidable interactions lead to deep-inelastic scatterings of the DM with
the dilaton field following the PT, which would also bring the DM back into kinetic equilibrium
in this case [41./42].

We therefore consider the DM production scenario introduced by Azatov, Vanvlasselaer, and
Yin; during a PT in which a scalar gains a VEV vg, DM with mass mpy > vy is produced non-
adiabatically across the bubble wall [43-445]]. The DM is produced with a large Lorentz factor
in the original plasma frame, which when redshifted leads to a non-negligible v(tcq). The cru-
cial qualitative difference, in this case, is that mp,; may be super-heavy, with mass sufficiently
above the temperature of the bath following the PT, so that interactions with the scalar ¢ are out-
of-equilibrium. Note in this scenario, we must assume a reheating temperature after the usual
cosmological inflation, T' < mypy;, so that the DM begins with effectively zero abundance in the
initial radiation dominated phase, as we want the majority of our DM to be produced with a kick
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during the PT. Similarly the inflaton should not decay significantly into DM particles. (Alterna-
tively, we may imagine some non-standard expansion history which dilutes DM prior to the epoch
of the PT.)

Finally, we remind the reader, that in this NCDM picture N limits at BBN are weaker than
limits from structures because DM is far less abundant at BBN times compared to a standard hot
thermal relic.

2 Phase Transition

We consider a scalar field ¢, real or complex, which gains a VEV v, during an early Universe PT.
We assume an initially radiation dominated Universe following standard cosmological inflation.
Bubbles nucleate at some temperature 7;,, expand, collide, and convert the Universe to the new
phase. Two qualitatively different expansion histories present themselves as possibilities. If bub-
bles nucleate early enough, the Universe remains radiation dominated throughout this epoch. If
instead, nucleation is delayed, the radiation density may drop below the false vacuum density and
the Universe enters an additional inflationary phase at temperature defined by

9*”2
30

Here g, are the effective radiation degrees-of-freedom and cy,. is a dimensionless, model depen-
dent, number parametrizing the vacuum energy difference. For brevity and simplicity, we assume
rapid scalar condensate decay following the PT, see App. [A| for discussion on how this can be
realised. The temperature of the radiation bath just after the PT is therefore given by

Tﬁllﬂ = Avac = Cvacvé- (2)

Tk ~ Max {Tna Tinﬂ] . 3)

The leading order pressure from the change in particle masses across the bubble wall, in the ultra-
relativistic ballistic regime, is given by [37./46]

dgpfeq U2T2
~ 2 a — ¢ n
Pro ~ ;A(ma) / @nyaE, = % a1 )

where A(m2) denotes the mass squared difference between the two phases, fq" is the equilibrium
number density in the symmetric phase, and g, is a convenient parametrization of the effective
degress-of-freedom gaining a mass of order v4. For sufficiently small T},, one has Pro < A...,
and an effectively run-away wall. In this case, the Lorentz factor of the wall grows linearly with
distance and at collision is Ywp ~ Reol/(3Ry) [47], where R,, and R are the bubble radii at
nucleation and collision respectively. The bubbles nucleate with a typical size R, = Apun/Tn
with Apy, ~ 1 — 10. At collision, Reop ~ (87)Y/3v,, /(B H) where S is the inverse timescale
of the transition normalised to Hubble, H TI%H /My, where we define My, as the reduced Planck
mass, and v,, =~ 1 is the wall velocity. Typical values for supercooled PTs are 57 ~ 10. Close
to bubble collision, when the majority of the volume is being converted to the true vacuum, the
bubble wall Lorentz factor as measured in the plasma frame is therefore given by

24/ 10T, Mp,
Yop = .
Ty 3 ApubBr g’ T2,

®)

The emission of soft quanta with phase dependent masses induces additional pressure [46,47]. If
no gauge boson obtains a mass at the PT, then the resulting pressure is subleading with respect to
the LO one of Eq. (@), and Eq. (5) for the Lorentz factor is valid. We limit our discussion to this
case in the rest of the paper.
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Figure 1: When light ¢ quanta enter the bubble of new phase, they can produce X + X DM pairs,
which are highly boosted in the original plasma frame.

3 Non-Adiabatically Produced DM

We now introduce a real scalar DM candidate, with non-negligible DM mass in the symmetric
phase, together with an interaction with the scalar field gaining a VEV

1 1
LD f§m2DMX2 - 1A¢2X2. (6)
For concreteness, we phrase our discussion assuming ¢ is a real scalar. To avoid problems with
domain walls when ¢ gains a VEV, the symmetry ¢ — —¢ should be explicitly broken by other
terms, that can be kept small enough to not influence the rest of this paper. Our findings will also
largely be valid for a complex ¢, as we will comment on later.

We assume zero initial DM abundance in the symmetric phase. This requires negligible pro-
duction via inflaton decay, and a Boltzmann suppression of thermal processes which would gener-
ate a DM population following standard cosmological inflation, which can be achieved provided
mpyn /T is always large enough, e.g. mpy /T 2 O(30) to remain under the observed abundance
via freeze-in. Alternatively, there may be some additional dilution mechanism in play at high 7.
Then the dominant DM relic abundance may be produced non-adiabatically when light ¢ quanta
enter the bubbles, as we consider here. The probability of DM pair production reads [43—45ﬂ

A2v£
P> X+X)=—-—— 7
((b + ) 19272 m% " ) ( )
assuming the Lorentz factor, introduced in Eq. (3), satisfies

2 2
meDM —~ Mpy

T & Ty ~ vV Cvacvd>Tn ’

where we have approximated the wall width as the inverse of the scalar mass L, ~ 1/mg ~
1/ (\/@%) (see e.g. [41,47]). The above is known as the anti-adiabatic regime, for smaller vy,
there is a further sharp suppression of the production probability. The DM abundance normalised
to entropy, in the anti-adiabatic regime, is then given by

2,,2
Voo 454(3) A Yo & ’ 9)
oM 274 g 967T2m%M Trn)

(®)

where g.s are the entropic degrees of freedom. Here the first factor represents the number density
of ¢ quanta normalized to entropy (we have assumed an approximately massless ¢ in the symmet-
ric phase), the second is the X 4 X production probability multiplied by two as the DM is being

'Taking into account the different normalizations of the coupling, we find a factor of two smaller production proba-
bility than [45| Eq. (58)].
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pair produced, and the third is an entropy dilution factor. In general, there are up to two choices
of Try which will match the observed value, Ypympy = 0.43 eV. One corresponds to the PT
occuring in the radiation dominated regime, 7;, > Ti,q, and the other in the supercooled vacuum
dominated regime, T, < Ti,q.

Note that, as first worked out in [43|], pair production induces only a small additional contribu-
tion to the pressure, Eq. , approximately given by g, — go+A% log(1+ywpTme/m2,,)/(327%)
which leaves our estimate of the bulk bubble properties during expansion effectively unchanged.
Locally, the momentum exchange will distort the wall, although to what extent this would, e.g., mod-
ify the effective wall tension is an open questionﬂ (We do not attempt to solve scalar equations of
motion in the presence of DM pair production in the current work.)

4 Non-Cold Heavy DM

We must also determine v(tcq). Consider the kinematics of light quanta entering the bubble and
pair producing DM. The situation is illustrated in Fig. [T} Going into the time independent wall
frame, which will allow us to use energy conservation across the wall, an incoming ¢ quantum
has energy E' ~ ~wp1,. To gain intuition, consider the special case in which the outgoing X
quanta share the incoming energy equally. Then, in the wall frame, the DM Lorentz factor is
Yxw ~ Ywpln/2mpy. It is a good and conservative approximation to ignore the momentum
transverse to the direction of the wall velocity. Then the DM Lorentz factor in the plasma frame
is Yxp ~ Ywp/27xw = Mpu/Ty. (A more precise derivation is given in App. ) The initial DM
momentum is therefore ppy (Try) ~ m2,,/Ty. Accordingly, the redshifted velocity at matter-
radiation equality is given by

1/3
g*s(Teq)> /3 T s 10

Gxs (TRH) TruThn ’

olte) = (

where g.s(Teq) ~ 3.91.

Finally, we need to ensure that scatterings with the thermal bath, namely X + ¢ — X + ¢
interactions, do not spoil our estimate of the final DM velocity. The strictest condition comes from
the four-point vertex in Eq. (6). A simple criterion is found by demanding the scattering rate,
weighted by the fractional momentum loss, be below Hubble for a point in parameter space to be

considered viable )
OPom ADem
neo(X¢ — Xo)v =ng——mrn < H 11
where /3 is the centre-of-mass energy, pcy 18 the centre-of-mass momentum, and for this interac-
tion 0ppy = ppm/2 (the above formulation does not hold for ¢-channel scatterings, more on this
below). In the relativistic regime, ppy ~ m2 T/ (TauTh), 5 = 4m2 ,T?/(TauTr), por =~ V'3/2,
and the number density of ¢ in the thermal bath is given by

ng =~ T3, (12)

In terms of the temperature, the LHS of Eq. (TT) scales as T', while the RHS scales as T'2. One may
therefore worry that the condition will become increasingly more stringent for lower 7". However,
the above assumes massless m; for T S m,, the number density ng quickly becomes Boltzmann
suppressed. Here we will make the assumption mg ~ /CyacVy ~ Tru in the broken phase,
typical for supercooled PTs, and evaluate the above condition at T' = Tyry. (The effective my
in the symmetric phase may be somewhat different, for example my ~ T), if it is dominated by
thermal contributions to the effective potential at the time of the PT.)

2We thank the referee for pointing this out.
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Figure 2: Heavy non-cold DM from fast bubble walls in the plane of nucleation temperature 1,
vs DM mass mp,y, for T, > Ting (left) and T,, < Ting (right). We set A = 1 and cyae = 102.
Viable non-cold DM can be produced in the range mpy ~ 10% — 10° GeV (white area), delimited
by: the requirement of the anti-adiabatic regime, Eq. (8], at bubble collision with Ay, = 3 and
Br = 10 (green); too small DM yield, Eq. (9), even with the DM number maximizing choice
Tina = T, (red); kinetic equilibration, i.e. violation of Eq. (]'l;fl) (tan); the bubbles not running
away, i.e. A.. < Pro of Eq. @) (gray, left); the warm DM velocity limit for mypy = 5 keV,
corresponding to v(teq) < 5 % 1077 (blue). The blue NCDM region spans vg/Tn = 5 — 7 (left)
and vy /T, ~ 7— 12 (right). The dashed blue line shows the future sensitivity at mpn = 15 keV,
V(teq) = 1072, Purple dashed contours show the VEV, v,. The region below (above) the black
contour on the left (right) panel can be tested by LISA with a signal-to-noise ratio SNR > 5. In
the left panel, however, this lies outside the valid domain of parameter space for the DM model.

There are also additional interactions with SM bath particles and ¢ quanta, involving soft ¢-
channel scalar exchange, which we have carefully checked do not lead to a significant reduction
in the X momentum. The results are given in App.[C} The conclusion of our detailed calculations,
given therein, is that we are safe from a return to kinetic equilibrium provided inequality (TT])
holds. We also show that even if my < Tgyy, viable parameter space still exists, due to the
scaling of pcy and § at lower temperatures. Furthermore, if we instead considered a complex
scalar ¢ = peia/ Y¢, then X scatterings with the axion-like particle @ would be dominated by hard
t-channel exchange of the radial mode. We show that these do not impact the estimate in Eq. (TT)
as long as Try < 1075,.

Finally note, that in the parameter space of interest, the DM is always chemically decoupled
following the PT, i.e. the annhilation rate X +X — ¢+ ¢ is also below H. Elastic self-interactions
between the DM can reduce the mypy constraint by ~ 20% [48,49]], however, because of the
super-heavy nature of our DM, its non-gravitational self-interactions are also completely negligi-
ble.

We now combine all our calculations and constraints and display the results in Fig. 2] As
summarized in the figures, we see NCDM is possible with this mechanism at masses mpy ~
(10® — 10%) GeV. The NCDM is realized for nucleation temperatures 7}, ~ 10 GeV, and reheating
temperatures Tryy ~ (10 — 10%) GeV. The underlying scale of the beyond the standard model
(BSM) sector is vy ~ (102 — 103) GeV. The region close to the NCDM constraint could be
tested by future observations targeting a cut in matter power spectrum at small scales. The bubble
collisions following the PT will also result in a strong gravitational wave (GW) signal, which we
turn to next.
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Figure 3: The solid (dashed) blue lines show the predicted gravitational wave spectrum for the PT
corresponding to a DM mass mpy = 3 X 108 GeV, cyaec = 1072, X = 1, and v(teq) at the current
limit of mwpym = 5 keV (future limit of mywpy = 15 keV). The former (latter) corresponds to a PT
with Try ~ 40 GeV (Txy =~ 90 GeV), in the case 1), > Ti,q, and with Ty = 50 GeV (Ixy ~ 150
GeV), in the case T}, < Ting. In both cases lower (higher) DM masses would correspond to lower
(higher) reheating temperatures and lower (higher) peak frequencies. We have assumed Sy = 10.
The spectra are compared with power law integrated sensitivity curves, with signal-to-noise ratio
SNR= 5, for LISA and a future ;Hz interferometer [51]]. Estimated astrophysical foregrounds
from binary super-massive black holes [52], galactic white-dwarf binaries and extragalactic
white-dwarf binaries are also shown. Gravity gradient noise from asteroids (not shown) could
also be significant up to ~ 1076 Hz . The signal for the T,, > Tj,q regime is below LISA
expectations.

S5 Gravitational Wave Signal

We now detail the expected GW signal. For our mechanism, we require the bubbles to effectively
run-away until collision, so that the majority of the vacuum energy is transferred to the walls.
Accordingly, in giving an estimate of the expected GWs, it is appropriate to use the numerical
results from Cutting et al. [56],

R*Qaw (f)

_ 42 dQaw a >2 S¢(f) : (13)

-~ dlog(f) l+a/) U3 32
where « is the energy released as bulk motion during the transition (which we approximate as

the false vacuum energy) normalized to the radiation density. Here, the shape of the spectrum is
governed by

=2.0x 1075 x (

a+b)fefe
Se(f) = atd) :
bf(a+b) + af(“"’b)
where for PTs of our type the central numerical results indicate a = 0.742 and b = 2.16 [56].
(Also see [[57H61]].) The peak frequency of the signal today is

(14)

i T,
f =15 uHz x B g2/° (103&\/) : (15)

Finally, one should impose the correct Qgw oc f3 scaling for the initially super-horizon IR
modes [62H66]], corresponding to frequencies today below

a(TRH) H(TRH) 1/6 Tru
* = =12 uH ” — .
J <a(Ttoday)> . 2m pEE X 9 103 GeV

Now we are ready to use this spectrum together with our results for the NCDM. Accordingly, we
take the prediction of Ty for a given mpy and v(teq) and consider the estimated GW signal. The
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resulting spectra for two parameter points are shown in Fig. [3] We also calculated the SNR for
LISA, strictly using the method given in [42]], and display the contours which delineate SNR, = 5
in Fig. 2l For T,, > Ti.a, the signal is suppressed by the scaling Qaw o o o (Tina/Th)8,
as @ < O(1). Thus this regime can only be extensively probed through its induced small scale
structure suppression, assuming g, = 1, and partly through far future GW observations. For
T, < Ting, instead, the amplitude of the GW signal is large. For lower values of Tgry, however,
the peak frequency is the IR of the LISA sensitivity. This qualitatively explains the behaviour of
the SNR contours in Fig.[2| Note the entire allowed area for T,, < Ti,g, given our estimates, can

be probed by LISA (even beyond the future NCDM region).

6 Conclusion

We investigated the possibility of dark matter being both heavy and non-cold as a result of a phase
transition. In order to achieve sufficient high DM velocities at late times to be relevant for Lyman-«
observations, we considered the non-adiabatic pair production mechanism first introduced in [43,
44]]. We find viable non-cold DM compatible with Lyman-« bound in the mass range mpy; ~
(0.1 — 1) (J\4I§1T$O1)1/3 ~ (108 — 10%) GeV, with an underlying scale of the PT vg ~ (10% —
103)(Mp1T$q2)1/3 ~ (10? — 10%) GeV, reheating temperature Txy ~ (0.1 — 1)vy, and nucleation
temperature 7, ~ (0.1 — 1)Txu. Despite the low Txy, which can provide a challenge due to
washout, it may be possible to use the same PT (and mechanism) for baryogenesis [67-70].

The scale of the phase transition v, is intriguingly close to the electroweak scale. Our PT
cannot naively be the EW one, even if some BSM physics made the latter first order, because weak
gauge bosons getting a mass would prevent the bubble walls from running away and reaching the
velocities of Eq. (]§D [46147]], which are crucial for our mechanism. One may still speculate that the
kind of PT discussed in this paper arises from the breaking of some global symmetry, which is tied
to the mechanism of generation of the EW scale, as it could happen in composite models [71},/72]
or in supersymmetry [73-76]. We do not speculate further in this direction in this paper, we just
provide further details on the coincidence of scales in App.

The rather unique signature of the heavy DM picture we presented is the combination of i) a
suppression of structure at small scales, which will be interesting to precisely determine in future
work, and ii) a large amplitude stochastic background of GWs [[17,/56L[59,(7779] from the PT,
with peak frequency in the range f ~ (1076 — 10~%) Hz.

Concerning other DM signals, direct detection is unfortunately beyond reach of conceivable
future facilities. Coming to indirect detection, the number densities and hence annihilation signals
are very small and, with the minimal content above, the DM is stable. If the Z> symmetry X —
—X is broken, then the DM may decay and give a signal at high-energy telescopes.
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A Scalar Decay Rate

In the main text we have assumed the ¢ particles and/or condensate decays rapidly following the
PT. Perhaps the simplest way this can be achieved, is by introducing a portal interaction to the
SM Higgs. To illustrate this consider the interactions between the EW Higgs doublet H and a real
scalar ¢,

13 A A,
ED—MiIH\Z—AhIHI4—7¢w2— fs@4—7¢s@2\H\2, (16)

where A\, ~ 0.13 is the EW Higgs self-quartic, and Ay ~ cyac is the exotic scalar analogue. In
principle other terms are also allowed, however, the above will be sufficient to illustrate the idea.
The minimum of the potential lies at (vy, Vew) Where vgw =~ 246 GeV is the EW VEV and

1
Hi = = AnVw = 5 AV, (17)

1
1o = —AoVg — 5 gV (18)

Around the minimum, ignoring Goldstone directions, we introduce the massive scalar excitations
H = (vgw + h)/V2 and ¢ = vs + ¢. The physical mass eigenstates are

h\ cos Oy sinbpg h (19)
¢ o —sin 0h¢ COS 9h¢ & ’
with associated mass eigenvalues

mj; = 2\ Uy €08° Opg + 2Xg03 SIn* Ohy — AngUgpw Sin 204, (20)
mi = 2)\hvfjw sin? One + 2/\451)35 cos? Ong + AngVpUrw Sin 204 20

We have introduced the usual mixing angle 6, between the two scalars, present once both have
gained a VEV, which is given by

AhoU
he”9 , for mg < my,
B )‘h¢U¢UEW 2Ah¢U¢UEW )\hva
tan 20,y = 5 — ~ — 5 0 (22)
>\¢v¢ — M Viy my —my, h¢VEW for mg > my,
)\¢U¢ ’ '

A.1 Heavy my

Consider first the regime mg 2 2my, ~ 250 GeV. As Tru ~ mg, we assume the decay occurs in
the unbroken electroweak (EW) phase. Demanding the decay rate into the SM Higgs doublet,

)\% v?
Dot = gl (23)
7Tm¢
be above Hubble, translates into a condition
/4 (10T, m 1/2
Mis 21077 (2 ) (i) 24
ho ~ 100 U 101 GeV (24)
Once the symmetries are broken, we therefore have
1/4 (10T, m 1/2 (1072 [10° GeV
Ono 21075 (5 ) (o) . 25
ho ~ 100 Ve 101 GeV Ao Ve (23)

in the heavy m,, regime.
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A2 Lightm,

If, instead, m is around or below the EW scale, the decay to SM Higgs bosons is kinematically
disallowed, and the decay occurs in the broken EW phase. Through the mixing angle the ¢ can
decay to SM fermions. In the 04 < 1 limit, the rate is given by

Ncm%%@m(ﬁ

Losir ™ =52 (26)

where m is the fermion mass, and V.. are the number of colours. The decay rate is faster than
Hubble provided

eh > 10—6 (gi*>l/4 i 1/2 4 GeV & 1/2 TRH 1/2 (27)
o~ 100 N, my meg 10GeV )

or equivalently

Mo 21070 (o) (TS PGV (T ) (T Y
ho ~ 10w, ) \100 N. my mg 10GevV )
The exotic Higgs decay h — ¢¢, has a branching fraction Br ~ 1079 x (Ah¢/10_6)2 and is safely

below collider constraints for my above the muon threshold (the my parameter space of interest
for our PTs).

B Initial DM Momentum in the Plasma Frame

We consider the pair production ¢ — X + X. Taking the wall to be moving at ultra-relativistic
velocity in the positive z direction, the kinematics in the wall frame can be written as

p° = (E,0,0,—\/E? —m3)

p{( = (E/[l - x],O, kJ_a _\/E/2[1 - 37]2 - k%_ - m%M)

py = (E'z,0, -k, —\/E,2$2 — k2 —m2y). (29)

The pair production probability, in the anti-adiabatic regime, is given by [44]

)\21}2 1 dk2 )\2,02

® 1 ¢
P XX)~ drz(l — ~ 30
(¢ — ) 327‘(‘2 /(; $=T( l‘) / (k’i + mZDM)Q 192772m2DM ( )

From the above, we can also read off the distribution in energy and k| of the outgoing particles.
Azatov et al. also provide a convenient way of calculating the average energy of the outgoing
X in the plasma frame. In terms of the incoming energy in the wall frame, E’, it is given by

EX:% [/Oldam(l—:r)]l

O U Y -y gt Y - g |
0

~ 3’Yme2DM
2

(€29)

Here the probability distribution of energy fraction x has been taken into account, and the Lorentz
transformation £ = ~up(E" + vyp’,) has been applied on the sum of the X energies, which

10
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also explains the pre-factor 1/2. In evaluating the integral, the high energy limit been applied
E'z, E'(1 — ) > mpuy, and the k| factor has been ignored. This is justified, as the small z,
large z, and large k|, 2 mpy phase spaces are suppressed. Azatov et al. go on to substitute
E' ~ (14 vy)ywpTh to find Ex ~ 3m2,,/4T,.

Now that we have Ex as a function of E’, however, we can also take an appropriate average
over the incoming flux. First we derive a formula for the ¢ flux across the wall. The relative
velocity in the z direction between the wall and a particle in the plasma frame with z velocity, v,
1S Vypel = Uy — vz @1 — %Z =1 — ¢y. Here ¢y = cos 6 where @ is the angle between p, and the

z-axis. The flux, 4 = d2N¢ /dAdt, across the wall in the plasma frame is given by

(I)¢ = (29:)3 /dgpf(E)Uzmel (32)
1 [e'e}
_ 99 _ 2
— oty [ dat—co [ amERsE) @)
3
= w (34)
7T

So P is just the same as the number density.
Now remembering that £’ = ~, E(1 — ¢p), the average energy of the X after averaging over
the incoming ¢ flux is given by

_ 1 g 3 _
Ex)=— d Ev, raF 35
(Ex) <I>¢(27r)3/ Pf(E)vsre Ex (35)
g 3m2DM/
= = dEEf(E
b i 7(B) (36)
7T2 mQDI\/I ~ mQDI\/I . (37)

This matches the rough derivation of the Lorentz factor, vy, = (E x)/Mom =~ Moy /T, given in
the main text.

C DM Momentum Loss

After the PT, the absolute value of the DM momentum, pp,, evolves with redshift as ppy =
piai/a ~ pi(t;/ t)l/ 2, where the subscript 7 denotes some initial value, a is the scale factor, and
we have assumed a o t!/2 for consistency with the hypothesis of radiation domination. As a
consequence, the rate of momentum loss due to redshift, reads

dppom
dt

Pom
=— = H 38
redshift o - Pomits (38)

where in the last equality we have used that the age of the Universe is proportional to Hubble at
that time, ¢ ~ H~'. Our estimate of v(t.) is therefore valid provided

1 dppum
pom  dt

_ dlog (pDM )
bath dt bath

< H, (39)

where dppy /dt|pam 18 the rate of momentum loss of a DM particle because of its scatterings with
bath particles.

11
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C.1 Relativistic DM

Consider the DM after the phase transition. As a function of temperature, the DM momentum is
given by

2

mDI\/IT
Pom A (40)

DM TnTRH

In the plasma frame, it is relativistic until ppy; & mpy, i.e. for temperatures
T, T;
T> ZnTRA 41)
Mpm

10° GeV T T,
~1M .
eV < Moat ) <104 GeV) (10 Gev>

Now consider such relativistic DM travelling in the z-direction through the plasma frame with
energy and z-momentum component £ ~ p;, = ppy. It undergoes scattering with some particle
in the thermal plasma with energy Fo ~ T (its precise momentum orientation is irrelevant for
the following, as ppy; > T, for convenience, we can take it to be in the negative z-direction in
what follows). We wish to determine the momentum loss rate of the DM in the plasma frame.
Denote the initial (final) DM four momentum in the centre-of-mass (COM) frame as p} (pg), and
the initial (final) bath particle four momentum in the COM frame as p/, (p};). We then have

Vm2y 4+ 2y, 0, 0, pour) (42)

Pews 0, 0, _pCM) (43)

(
(
(m; 0, pcmse, pCM09)7 (44)
(

= (Pem, 0, —pemso, _pCMCQ)a (45)

P
Ph

/
b3
v

where sy = sin 6, cy = cos 6, 0 is the usual scattering angle, the COM energy squared is

§=m2, + 4pouT, (46)
and the COM momentum squared is
(5 —miy)’
Pow =3 (47)

For later convenient reference, when we come to find constraints from DM momentum loss, it is
useful to denote two temperature regimes according to whether DM is relativistic or not in the
COM frame. In the first regime, corresponding to 7' 2 +/TxruT},, we have
2 g2
2 o 4mDMT

§ ~ 4pCM ~ W (48)
n H

In the second regime, T' < \/TruT;, and we have

4m2,, T*

. 4
T2, T2 “9

A 2 2
§ R mpy > Apey R
In both regimes the combination p2,,3, which appears in various expressions below, is approxi-
mately the same. It reads
4 g4
p2 § 4mDMT
M TR TR
In any case, to bring the photon energy from the plasma to the COM frame requires a Lorentz
boost with

(50

PeMm PeMm
T+ 0T 2T’ D

v

12
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Figure 4: Interactions of the DM with the scalar driving the PT, ¢, which can lead to kinetic
equilibrium being re-established following the PT.

where we take the relativistic limit v ~ 1. Then, using the Lorentz transformation to boost from
the COM frame back into the plasma frame, ¥ = v(E’ 4+ vp’,), we find a momentum loss of the
DM in the plasma frame

dppm =~ E1 — E3 = yupem(1 — cp) (52)
Yot ¢
= - = (53)
2pen 4T
where we have used the relation £ = —2p2,,(1 — cg). Note our expression above depends on a

relativistic boost; eventually, at low 7', we have v < 1, the boost reaches the Gallilean limit, and
there is an additional suppression. For relativistic DM, we therefore estimate

dlo bl
M ~ nbﬂtth@l/ dt ({5PDM (54)
dt bath PomMm —4pZ., dt
0
do .
~ _ Mbath¥UMol / T (55)
dppuT —4pZo, dt
NMbath UMgl 0 2do

N ——— dt—t, (56)
2pCM\/g —4pZ, dt

where o is the cross section for the process X1 — X1 leading to the momentum loss and
UMgl = 2 is the relative (Mgller) velocity between the DM and bath particles in the plasma frame.
The differential cross section is given by

do 1 2

do _ _ 57
di 647rng§‘M ’ (>7)

where M is the usual matrix element. Given our field content, we will be interested in cross-
quartic scalar interactions, and diagrams with scalar exchange in the ¢-channel.

Note that, in the massless limit, do'/dt o | M |?/42. And with our field content, we will always
have a 1/52 suppression in this quantity. This is qualitatively different to examples featuring vector
mediated interactions, such as in Mgller scattering or its scalar QED analogue, in which |M|?
52 /#2 type terms lift the suppression, and lead to IR enhancements in the momentum loss through
soft gauge boson exchange. This is the key reason why, in the end, our naive approximation
of the momentum loss rate via hard scattering, Eq. (II), gives the appropriate, i.e. the strongest
constraint. Note, however, that care must be taken for t-channel diagrams when p2,, < m32,,, in
order to check that the suppression is not lifted by the p2,, term in the denominator of Eq. (57),
leading to a rapid momentum loss. This is what we go on to check below. (Of course, in the deep
IR, divergences will also be removed by the mass of the mediating particles.)

C.1.1 Interactions within the BSM sector

Scattering with the scalar driving the PT — We first consider scatterings X + ¢ — X + ¢, for
which the Feynman diagrams are shown in Fig.[d We begin with the cross quartic interaction in

13
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Eq. (6). Ignoring interference with the second diagram for now, we have

d A2
7({ = A 92 (58)
dt  64mps,Ss
Using Eq. (56) and demanding Eq. (39) hold, we obtain the condition
dlog(pom) A2pem N n¢A2 - (59)

dt "8xs32 " 16ms

In the second approximation, we have used pcy ~ NG /2 > mpy;, valid here because we only
have to consider high temperatures, as n4 becomes Boltzmann suppressed at 7' < mg ~ Tyy.
Note Eq. (39) is just the same as Eq. in the main text, thus confirming the latter as a suitable
estimate. Finally, plugging Eq. (48) into Eq. (39) and taking 7" ~ Ty, we obtain the upper bound

on the coupling
Mo\ (10 GeV\ /2
1. .
A< L5 (108 GeV) ( T, ) 60)

It is also interesting to consider a more general case with my S Tiy or even mg << Tyy. Then
n¢ does not become Boltzmann suppressed until lower temperatures. Nevertheless, retaining the
temperature dependencies of § and pcy from Egs. and (@9)), we find the strongest constraint
on \ comes from around T' =~ +/1}, Ty, when DM turns non-relativistic in the COM frame. The
constraint then reads

1/4 1/4
)\ <15 x ( Mpur ) (10 GeV) <10G6V> ' 61)

108 GeV T, Tru

This collapses to Eq. for T;, = Tky and becomes stronger for 7,, < Txy. Thus the allowed
parameter space for the T,, < Ti g case becomes somewhat smaller, but still allows for NCDM
(for further details see App. [D|[Fig.[g])).

Realistically, ¢ will also have a quartic coupling, A4, which will lead to an additional Feynman
diagram for the process X +¢ — X +¢. This involves t-channel ¢ exchange, and so the scattering
rate can have an IR enhancement. First, we ignore the interference term and consider only the
amplitude squared of the t-channel diagram. We get

232,,4
do _ ANV . ©2)
dt  16mp2,8(t — mé)2
This gives a momentum loss
dl 9IN2A2vd 4p2 4p?
0g(pom) ~ ng 3¢A§>/2 x [log |1+ pC2M - — pCM2 ‘ (63)
dt 167p2,,$ mg myg + 4pe

We find that Eq. (63) gives a much weaker constraint than Eq. (39)[]

2
1 8 3 (1 5 5/2 /1 4 3/2 1 3/2
L ( Moy > (o GeV> ( me > (o GeV) (OGeV) o

g \108 GeV v2 104 GeV Trn Ty

where we have again allowed for the possibility my < Txy.

So far we have ignored the interference term. But this cannot realistically give us a stronger
limit, as |2Re[M1M£H < 2|My||Ma| < [M;|? 4+ |Mg|?. Indeed, direct computation shows
the leading interference term gives a momentum loss which is suppressed by an additional power

14
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Figure 5: Tree and loop diagrams contributing to the elastic scattering of scalar dark matter X
with angular mode a.

of v; /8 < 1, compared to Eq. (59) (and also, of course, by the possible Boltzmann factor at
Scattering with the eventual angular mode. — In the case where the scalar field driving the

phase transition is complex, ® = (vg + a)em/ vs /1/2, the Goldstone boson a when not eaten by a
gauge boson can eventually slow DM down. Scattering of scalar DM with Goldstone bosons are
induced by the terms

A
£ 9,010t — §|<I>\2X2,
o o? A o?
_ _ w7 v X2
D <v¢ + 20;) duadta 5 (U¢O’ + 5 ) , (65)

where \ is the X — ¢ quartic coupling. The matrix element for Xa — Xa, from tree-level
t-channel exchanges of a radial mode o, see Fig. [5]left, reads

/2 —m?
=\ i . (66)

where m, and m, are the masses of the radial and angular rnodes In the high momentum

exchange limit £ 3> m?2, m?2, we obtain the momentum loss for Xa — Xa

dlog(pDM) - )\2pCM

a3 ©n

The maximal momentum loss rate is obtained for ' = /I, Tryy when the temperature dependence
of the squared energy 5§ and DM momentum pc,, in the COM frame changes from o< 7" to o< 79,
and from o /T to o T, respectively. We obtain the condition

)\<< mpwm ) 10 GeV'\ V2 /10T, \ /4 ©5)
108 GeV Tn TRH ’

which becomes competitive with Eq. (60) for Ty 2 107),. In Fig. 8] with orange shading we
show the region where momentum loss of DM due to scattering with the Goldstone mode is im-

portant. We also study the effects of loop-induced 4-scalar terms. The four diagrams are pictured

3We report the numerical constraints on the couplings even when these are nominally > 1 and thus outside of the
realistic perturbative regime. These can then simply be interpreted as meaning that any sensible perturbative choice of
the coupling will not lead to issues with DM momentum loss via said process.

*For scatterings X + 0 — X + o, we can simply use the computations done for the real scalar ¢, and replace
Mme — Meo.
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Figure 6: Interactions of the DM with the particles of SM plasma; the SM Higgs, h, elementary
fermions, f, massive gauge bosons, V/, photons, v, gluons, g, and nucleons N, which can lead
to kinetic equilibrium being re-established following the PT. Note at high enough momentum,
the DM may instead interact with the partons inside the nucleon, and also break apart the initial
nucleon. All corresponding amplitudes of diagrams shown here are suppressed by at least one
power of the portal coupling Ap.

in Fig.|5| The corresponding matrix elements in the large momentum transfer limit # — oo reads

M+ My ~ 32/\”2 7;? log [njz’f] , (69)
Mg o~ 12?;2 log? [ni%é\d], (70)
My =~ —3;; <1 + log® [—"ﬁMD : (71)
We deduce the resulting contribution to the DM momentum loss
dlogg o) 196y, if o, (72)

where we have kept only the contribution from the fourth diagram, since A > m?b / v; in the
parameter space of our interest. We obtain the same parametric as for the t-channel in Eq.
with an additional suppression due to the extra loop factor (\/167%)2. We conclude that the loop
contributions can be neglected.

C.1.2 Interactions with the SM sector

We now turn to momentum loss due to interactions with the SM bath. These exist once a portal
interaction is introduced, to allow ¢ to decay rapidly into the SM following the PT, as discussed in
App.[Al The applicable Feynman diagrams are shown in Fig.[6] These processes are all suppressed
x )\% ¢ cither directly, or through the mixing angle between the two scalars. However, the initial
state bath particles may have a different mass threshold, i.e. below my ~ Txy. We therefore have
to check whether the scattering at lower 7' can lift the )\%L » suppression at any points in parameter
space, and therefore lead to a more stringent bound from kinetic equilibrium. We shall find that
this is not the case, but still provide an overview, for completeness, of the scattering rates below.

Scattering with the EW Higgs. — We begin by emphasising that for my < vew, these scat-
tering are necessarily suppressed compared to the scatterings with the ¢ we have considered ear-
lier, so we will always be assuming we are in the heavy m regime for the purposes of the checks
performed here. Compared to Fig.[2] this corresponds to regions outside the current non-cold DM
limit, but the discussion could be relevant if the limit is substantially improved. From now we
suppress numerical pre-factors from our estimates of the cross sections.
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We first consider the quartic interaction leading to inelastic scattering X + h — X + ¢. The
differential cross section is given by

2 2
do Ohs” (73)
di  PEnd
which leads to a momentum loss
dlog(pDM> N 9}2L¢)‘2pc1\4 (74)

e T @

Taking into account the Boltzmann suppression of n; at temperatures below Tgw and using
Egs. @8) and (49)), one can readily show that a sufficient condition for the above to be below
the Hubble rate is

; <1o-2< e, ) 104 GeV\ 4 /10 Gev )\ /4 5)
ho ~ X7 \108 GeV Ty T,

in both pey ~ V/5/2 and poy < V/3/2 regimes. The condition is compatible with our
previous constraint (24)), showing both rapid decay and absence of kinetic equilibrium can be
satisfied. Note the example values we have substituted, correspond to an aggressive choice along
the kinetic equilibrium line coming from Eq. (T1)) in Fig. 2] smaller choices of T}, and Ty would
lead to a weaker constraint.

We now move on to consider the t-channel scattering involving external scalar states X +h —
X + h. First consider the ¢ exchange diagram. The cross section behaves as

do XX (76)
dt  pgnS(t — mi)Q
Hence, we have an approximate momentum loss
dlog(pDM) ~ nh‘AéhAZUé 10 4p%M < H (77)
3 32 08 2 :
dt DS my
This gives a very weak constraint
e 103< Moy )3 10° GeV\? /10* GeV\*? /10 Gev\*/? 78)
Sh A 108 GeV Vg TRH Tn .

(Here we have assumed parameter space with pcy > mg at T = my, if instead pey < mg,
the limit would be weakened, due to finite mass propagator effects.) This condition is obviously
compatible with our constraint (24). Similar or weaker constraints arise for the cross sections
coming from the squared amplitudes of the X + h — X + h via h exchange diagram and the
t-channel X + h — X + ¢ diagrams. As argued above, interference terms do not lead to any
stronger constraints. We are therefore safe from scatterings with the EW Higgs.

Scattering with massive EW gauge bosons. — We now consider scatterings with the mas-
sive EW gauge bosons, in order to check whether there can be any additional enhancement com-
pared to the above processes, due to the presence of the external vectors. Taking into account the
relative minus sign between the ¢ and h exchange diagrams, coming from the rotation into the
mass basis, we find the tree level diagrams squared give a cross sections of the form

do AppN*vg (8my + (1 — 2mi)?)
dt — pis (L —m3)%(t —m;})?

(79
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where my is the gauge boson mass, and we have substituted in for the mixing angle using Eq. (22)).
In the above, we have used the polarization sum completion relation for massive vectors. Note the
absence of any dependence on the gauge coupling or EW VEV for the term o ¢ in the numerator.
In the high energy limit, this term corresponds to scatterings with longitudinal gauge bosons,
which through the Goldstone boson equivalence theorem can be related to scatterings of the DM
with would-be EW Goldstone bosons via t-channel ¢ exchange. The latter amplitude is manifestly
independent of the gauge coupling or EW VEV, which explains the absence of these parameters
in the above term of the cross section.

After performing the integral over £, in the mg 2, My, my parameter space, we find a momen-
tum loss

dlog(pDM) nv)‘%qﬁ)‘%}é 1
~ ~ Og
dt 19:(3'11\153/2

4p(23M 4p(23M
1+ m2 | T mZ a2 ) (80)
b b P

where ny is the gauge boson number density. The strongest constraint comes from the logarithmic
term at temperature 1" ~ my . Even for parameter space in which pc\; > m,, at such temperatures,
the constraint is very weak,

\ <102< Mar )3 10° GeV'\* /10* GeV\*/? 10 GeV | *? 1)
o~ X108 GeV Ve Ty T, ’

again showing compatibility with Eq. (24).
Scattering with fermions. — Finally we also consider scatterings with the elementary SM

fermions. Again taking into account the relative minus sign between the ¢ and h exchange dia-
grams, we find

do )\%45/\21};1)772? (4mfc — 1)

-~ ~ ~ ~ ) (82)
dt Pens  (E—m3)2(t —mj)?

where my is the fermion mass, and we have again substituted in for the mixing angle using
Eq. (22). In the regime where m,, 2 my,, we obtain a momentum loss

dlog(pon) _ AR VEmG  4pd,
dt p%M‘§3/2m35 Apn + mi

(83)

The strongest constraint comes from momentum loss at 7' &~ Max [T/ T /Mpy, M f], where the
first condition comes from pcy > my and the second from simply having an unsuppressed fermion
population in the bath. We thus set our hypothetical fermion mass to m; = Tru+/Ty /Mo,
in order to derive the strongest possible constraint (taking into account the actual SM fermion
masses would only weaken the derived constraint). With this substitution, together with our earlier
assumption mg ~ Try, We obtain a constraint from demanding the momentum loss be below the
Hubble rate,

102/ mpn \94 (10° GeV\? [ Thu 10 GeV\ /4
< 0 (v
Avo (108 GeV) Vo 101 GeV T, ' &)

One can readily check that at lower pc,;, the momentum loss becomes suppressed by mé and

eventually also by mi, due to the propagators. Thus no stronger constraint arises at lower pcy,
even accounting for the possibility of the m?c > —t in the numerator of Eq. (82). Similar arguments
hold if we instead begin with the assumption mg < my, (taking into account the lower Tyy this
implies for consistency). Comparison of Eq. to Egs. and shows compatibility with
the rapid ¢ decay assumption. So we are safe.
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Scattering with photons and gluons. — The population of photons and gluons does not be-
come Boltzmann suppressed at low 7' (although the gluons eventually become confined.) We
therefore also check whether scatterings of the DM with massless gauge bosons can lead to non-
negligible momentum loss at low 7. Fermionic triangle diagrams in the broken EW phase lead to
the effective coupling of the Higgs to gluons via the effective operator

Qs

L~

hGS,, G, 85

vpw 6>
Here o is the QCD fine structure constant and GZV are the QCD field strength tensors. A similar
operator for the photons arises from fermionic triangle diagrams and loop diagrams involving
charged gauge bosons,

Lo S Y (86)

VEw
where F),, is the electromagnetic (EM) field strength tensor.
After the ¢ — h mixing is taken into account, we find a differential cross section

do Q%M,s)‘Q A%@”é t2

ai = P28 (f— m2)2(f - m3)? (87)
The contribution to the vertex coming from the top triangle diagram is suppressed at large momen-
tum exchange, —f > m?, by a factor ~ m?/(2f)log®(—t/m?), which in turn suppresses the above
cross section for the gluon scattering. The EM counterpart, however, includes effects of the longi-
tudinal W bosons for which — in analogy with the heavy Higgs limit in the decay h — ~~ [80]]
— we do not expect any suppression. Hence, to derive a sufficient constraint in a simple manner,
we use the cross section as written above also for pey; > m;. Considering our benchmark values
for which mg > my,, and ignoring the finite m, for simplicity, we have a momentum loss

4p? 4p?
1+ f;ch] T2 ic;lw B )7 (88)
é é Pem

dlog(pDM) n%ga%M,s)P)‘%lqué
~ — log
dt P83

where n, (ngy) is the photon (gluon) number density. Note, up to the two powers of the relevant
fine structure constant and suppressed loop factors, this is just the same as the scattering with the
gauge bosons, Eq. (80), which is also dominated by the longitudinal gauge boson contribution at
large momentum exchange. For the scattering with the massless gauge bosons, however, we now
no longer have the Boltzmann suppression of the bath particles, so the constraint can be somewhat
stronger. Using Eq. (88)), together with Egs. (49) and (50), one finds a sufficient condition to avoid
momentum loss given by

102 74 (10° GeV\2 [/ T, 10 GeV'\ /4
Mo S (7re) - o =) ®
apysA V108 GeV Vg 104 GeV T,

where we have used that the strongest constraint comes from when pcy =~ mg (note for the
benchmark values this occurs before the QCD phase transition when the gluons confine). Similarly
weak constraints arise for areas of parameter space where we instead have my, 2 mg =~ Tru. So
we are safe.

Scattering with nucleons. — After QCD confinement, at Tocp ~ 0.1 GeV, relativistic DM
can interact with the nucleons. The latter are non-relativistic as my/Tqcp > 3. In the plasma
frame we write the four-momenta as

ng = pl = ( V p%M + m%Mv 07 07pDM)) (90)

Pk = p2 >~ (my,0,0,0). 1)
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The centre-of-mass energy squared is

8§~ m2DM + 2ppumpy =~ m%M, 92)

as ppumy < m2DM for T' < T,,Tru/mn which is always satisfied in our model for 7' < Tep.
The momentum in the centre-of-mass frame is

P?:M = (8 — (mpm + mN)Zi(f — (mpn — my)?) (93)
S
2 2
~ <pDMmN> ~ <mDMmNT> (94)
Mpm TnTru

Now if pcyy > my the incoming DM probes the internal constituents of the nucleon and deep
inelastic scattering (DIS) is possible. This translates into a condition ppy > mpy, so DIS is
possible as long as DM is relativistic. Consider now the interaction of the DM with a parton
carrying fractional momentum p; = Tpom, Where 0 < < 1. In the DM-nucleon centre-of-mass
frame we have four-momenta of the DM and parton

p;DM = pll = ( V p%M + m2DM7 0, 0>pCM)a (95)
Py = Py = (zpear, 0,0, —zpow)- (96)

We now go into the DM-parton COM frame, in which quantities will be denoted with a double
prime. Accordingly, the momenta are

plll = ( V p%M + mQDMa 07 OapCM)a (97)

PIQ/ ~ (xpca, 0,0, —Tpenr)- 98)
The COM energy squared is
" = (b +ph)? (99)
= mQDM + 2TPpcvMonm (100)
= m2DM + 2zpoumn, (101)

where we have used that poyy << mpy in our temperature/parameter range of interestE] This
implies the boost from the prime to the doubly primed frame is a non-relativistic one. From this

we find Do
N
ng ~ = TPcwm- (102)
Mpwm

We consider elastic scatterings at the parton level

Pg = (\/ miy + p/C/?MQ7 0, p/clMsé'y p/c/}Mc9)v (103)

pZ = (ngv 0, _ngSOa _ngCG)v (104)
The Mandelstam variable at the parton level is

" =2m3, — 2p7 - py = —2p(1 = co). (105)

The momentum loss of the relativistic DM in the plasma frame, can be estimated from the differ-
ence in its energy before/after scattering in said frame,

f//
2emy’

Sppu == YUpey (1 —cg) = — (106)

>The kinematics is thus different to the usual terrestrial DIS, because in terrestrial experiments with electron beams
one has pcm > mny > me. In contrast, we have DM playing the role of the electron projectile, and the hierarchy is
instead mpy > pom > My
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where v = pey/myy is the Lorentz factor of the boost from the plasma to the DM-parton COM
frame (at our level of approximation equal to the Lorentz factor for the boost from the plasma to
the DM-nucleon COM frame), and v ~ 1 is the associated velocity.

The approximate momentum loss of the DM is therefore

dlog(pou)
_— 107
o7 (107)
1 0
NN UMl do
A N Mol / fol) / — bpoudit’” | d
Pom 4z2p dt
p— 0 A,
~ NN UMgl / fp(z) / do dr.,
2pD1\1mN 4x2p%1\/1 dt//
. TN UMl /1 fp(2) /0 do dx
2pCM\/§ 0 T —dz2p, dt” ’
where f,,(x) is the parton distribution function for parton p, vng =~ 1, and
ny ~ Max [(mNT)*‘f/?e*mN/T, YBT3] : (108)

is the nucleon density (which is set by the baryon asymmetry, Yz ~ 1071, at late times). It is
also useful to remember the relation,

1
/0 > afp(z)de =1, (109)
p

coming from the physical requirement that the sum over the partonic momenta should equal the
total nucleon momentum. This implies fol z fp(x) < 1, which we shall use below.

We now consider DM interacting with a quark in the nucleon. We take the cross section from
Eq. (82), with Mandelstam and momenta in the DM-parton COM frame. We substitute this into
Eq. and find, assuming mj, > mg > my, a momentum loss

dlog(ppwm) N nN)\%qu)\?Uim} 1 . fr(x) 0 i (f// _ 4m?)£l/
dt 3 53/2 T i 21— 22
Pems 0 4x2p2 ( )%( mh)

77Lf 77L¢
N AN vymy /"CM o fr (e )]prc“l +/‘7CM ol fy (@) e
§3/2 0 A mhmé my A mhmé

PCM

por 1 1 1
+ o ety @) ot d:c[:cffm]xﬁng}

PCM PCM

< nyA2 ¢/\ vd)mprM

3/2 2
8/2mym?

(110)

In deriving the above inequality, we have used the following trick: (i) we split the integral over x
into effective regions in which the momentum exchange falls above/below relevant mass thresh-
olds, (ii) we then chose z f¢(x) to be a delta function which maximizes each individual contribu-
tion. The true contribution is necessarily below this due to the condition (109). Thus we avoid
having to explicitly substitute in the parton distribution functions and arrive at the bound in the
final line. Then demanding our upper bound on the momentum loss be below the Hubble rate, we
find a sufficient condition on the coupling

)\ 102 GeV ( Mpwm ) ( m¢ ) TTL 1/2 TRH 1/2 102 GeV 2
Y my ) \10% GeV/ \10 GeV/ \ 10 GeV 10 GeV Ve ’

(111)
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Figure 7: One loop correction contributing to the beta function of the Ay, coupling.

where the constraint comes from highest applicable temperature 7' ~ 0.1 GeV. Note we have
chosen a somewhat different benchmark point, which for this process leads to a numerically stricter
constraint. Also note the constraints for parameter points with my > my, are not stricter than the
above. So we are safe.

Let us now consider DM interacting with a gluon in the nucleon. We can take our partonic
cross section to be as in Eq. (87). Consider again my, > m, then the momentum loss from DIS is

1 nna2 22 vl o 493 -
dlog(pom) _ "N he ¢ /OPCM dx[xff(x)]x Pom 4 /pCM dx[mff(m)]pCM

dt 2 Tt * fons 1
S mhm(b o mh

1 2,2

1 4x°p
+/ dx|x fr(x 10g<1+CM>

h [ f( )] $4p%M m}%

PCM
nNag)\Q)\%qu’UépCM (1 12)

where we have used a similar trick as above. Thus a sufficient condition for the momentum loss
to be below Hubble reads

A < E < Mpwm ) < Tru )1/2 < T, >1/2 <102 GGV>2 (113)

ho~ X \108 GeV/ \ 10 GeV 10 GeV Vo ’
where the constraint again comes from the highest applicable temperature 7' ~ 0.1 GeV. Similar
weak conditions arise for parameter space in which mg > my,, so we are safe. Although we have
dealt with nucleons, scatterings with lighter QCD bound states such as pions would in principle
also occur. Around the QCD cofinement temperature, their number density is unsuppressed com-
pared the nucleons. However, the constraints we derived above would be very weak even if we

artificially set Yp = 1. Hence, we expect also DIS with pions and other light QCD bound states
to give only weak limits, and hence no substantial DM momentum loss.

C.1.3 Direct coupling of the DM with the Higgs

Due to diagrams of the type shown in Fig.[/| after some running under the renormalization group
equations (RGEs), we expect also a portal coupling between the DM and the SM Higgs

LD =M HI?X?, (114)

with A\px ~ Apg as A ~ 1. This interaction does not lead to any more stringent constraint on the
model than what has been considered above. For example, with regard to the diagrams control-
ling t-channel scatterings with the EW gauge bosons and fermions, there is now no cancellation
between propagators, but vgy enters in numerators instead of v4. This compensates and leads to
comparable or weaker limits. Let us anyway run through the most important constraints.
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Scattering with the EW Higgs. — The strongest constraint on scattering with the EW Higgs
again comes from the four point vertex. The differential cross section is given by

d A2
T~ D (115)
dt  DéuS
The momentum loss is )
dlog (pnm) np )\thCM ' (116)

dt B
Assuming T° 2 my, so that the Higgs number density in the plasma is not suppressed, we find a
resulting sufficient condition to avoid momentum loss

10* GeV\ /* /10 GeV ¥/
A < 1073 (—20M 117
mx 5 10 (108 GeV) Trn T, ’ (17

covering both relativistic and non-relativistic DM in the COM frame. The t-channel diagram
mediating the DM scattering with A leads to much weaker limits.

Scattering with massive EW gauge bosons. — Consider now the scattering X +V — X +V
via a t-channel h propogator. The coupling (IT4)) leads to a differential cross section

do Ap (& —4imi, +12my,)
dt  p2ys (t —m32)?

(118)

The strongest constraint comes from the o #2 term in the numerator, which from the momentum
loss leads to the same limit on Apy, Eq. (117)), as for the scattering with the EW Higgs. The term
o m%/ eventually leads to a much weaker constraint. To see this, we calculate the corresponding

momentum loss

2 4
dlog(pom) N nv)\hi(mv log |1 + 4]7(2321\/1 . 2417(231\/[ _ (119)
dt p3,,83/2 mj my, + 4pd,,

Given the cut-off below T' ~ my,, together with our parameter space of interest which gives
Pem > My, at such temperatures, this translates into a very weak constraint

M >3 104 GeV\*? /10 GeV\?/?
108 GeV TRH Tn ’

A < 10° ( (120)

where we have used Eq. (50), so we are safe from scattering with the massive EW gauge bosons.

Scattering with fermions. — We now consider the A\p,y induced DM scattering with fermions
via t-channel Higgs exchange. We have

do )\ixm% (4m?@ — 1)

(121)

di — piyS (f—m3)?

The momentum loss is dominated by the o # term in the numerator, because if —7 is below the
EW scale, there is a m;t suppression due to the propagator. The momentum loss is given by

dt p?():Mgg/2 4p%M + m%

dl nyXeem} ((16pd,, + 8p2ym? 4p?
Og(pDIV{) ~ f h f pCI\/I + pCI\/Imh _ Qm%LlOg |:1 + :;LCQI\/I:| . (122)
h

The strongest constraint occurs for the lowest applicable 7', and largest applicable my. This
occurs when /T, Try coincides with m ¢ around the EW scale, but still results in a weak sufficient
condition

A < 10° ( (123)

M >2 104 GeV\>* /10 GeV /4
108 GeV Trer T, ’
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covering both relativistic and non-relativistic DM in the COM frame. So we are safe from scatter-
ings with fermions.

Scattering with photons and gluons. — The differential cross section arising due to the Apy
coupling and the effective operator (83)) or (86) is given by

dj ~ a%M,S)\}%X 1?2
dt p%M'§ (f—m2)2.

(124)

The strongest constraints come from the regime pc,; > my, where the momentum loss is given by

dlog(powm) - n%ga%M,s)‘%XPCM

7 e (125)
From this, one readily finds a sufficient condition to avoid momentum loss
1073 1 mpy Y\ (104 GeV\* /10 Gev') V4
M S — ) , (126)
apy,s V108 GeV Tru T,

encompassing both the pcy > mpy and poy < mpy regimes. So we are safe from scatterings
with gluons and photons.

Scattering with nucleons. — We can also find constraints on Ay from the DIS scatterings
with nucleons. The general formula for the momentum loss in this case has of course already been
derived above. First we considering DIS scatterings with quarks inside the nucleons. Adapting our
cross section in Eq. (121) to the DM-parton COM frame, and using Eq. we find a momentum
loss

mp

dl NI m2 [ ool m? 2,3
0g(Pou) PN { /OPCM dzzfr(z)] f]iCM + /pCM dafu fy(x)) Lom

dt A3/2 m 4
! 1
=+ de|xfr(x
/mh [ ff( )]372]701\1
PCM

2 2
nN)\thprM
~82m2

127)

Demanding our upper bound on the momentum loss not exceed the Hubble rate, we find a suffi-
cient condition on the portal coupling

GeV m T, 1/2 T 1/2
< 10% DM n RH 12
An 5 10 < my ) (108 GeV) 10 GeV 10 GeV ’ (128)

coming from 7" ~ 0.1 GeV. So we are safe.

We can also check the constraint from DIS with the gluons. Adapting the cross section in
Eq. (I24) to the DM-parton COM frame, we find a momentum loss

dlog(ppu) nN 042 /\%X pz& x4p5 1
o) e, /0 el f (@) "L 4 / dx[f; (2)]pon

h b

PCM
2y\2
< nNas/\thCM

52 (129)

This results in a constraint

1/2 1/2
Mpwm Tn TRH
xSl . 1
Anc 5 10 (108 Gev> <10 GeV) <1o GeV) (130)

So we are safe.
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C.2 Non-Relativistic DM

We now turn to considering scatterings when the DM is non-relativistic as measured in the plasma
frame. This corresponds to temperatures,

T< (131)

mDM

108 GeV TRH Tn
~ 1 MeV : .
¢ ( Mo ) <1o4 GeV> <1o GeV)

We need to check whether these lead to a stronger constraints on the portal couplings than what
we have found above.

Consider first scattering with radiation. In our simplified treatment we take the particles in the
plasma frame to have four momenta

P1 = (mDMy 0,0, mDM”DM) (132)
pe = (T,0,0,-T). (133)
Consequently we have
s~ miy, + 2mpnT (1 + vpy), (134)
and
Pem = T(l + /UDM) ~T. (135)

To go into the COM frame we must boost with a non-relativistic velocity

T
u = Pom ~ pDM' (136)

Mmpyv + T Mpm

In the COM frame, as before, we have four-momenta

P = (VmZy + P2y, 0, 0, pou) (137)
Py = (Pors 0, 0, —pen) (138)
é = (ma 0, PerSe, PoncCo), (139)
i; = (pCMa —PcMmS0, —pCMCQ)- (140)

Following the scattering, boosting back into the plasma frame via a Gallilean transformation one
finds

~

dppm = s (141)
Pcm
where we have again used £ = —2p2,,(1 — cy). We therefore estimate the momentum loss as
dlo NbathV 0 ~d.
g(Pom) ~ Mbath VMgl / di UépDM (142)
dt bath Ppm 4p%M dt
~ _ Mhath VMol / 0 ;4o (143)
2ppmPom —4p2,, dt

(As pey ~ T and vpgg) =~ 1, this is the same as Eq. (53)) but differs to Eq. (56) for relativistic DM.)

Scattering with photons. — We can immediately apply our results to non-relativistic DM
scattering with photons (for all our parameter space DM is still relativistic at the QCD phase
transition). For the A4 mediated process we can use the cross section in Eq. (87) with appropriate
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replacement of the strong force associated quantities with their electromagnetic analogues. The
momentum loss is then

dlog (pDM) - nya%M)\Q)\%d)ving

- (144)
dt pDMS’I’fL;llmé
Demanding this be below the Hubble rate implies the easily satisfied
106 9/2 (10° GeV\? [10% GeV (10 GeV \?
Mo S 5 (e - - =) . a4
A \10% GeV Vg Tru Tn

in the appropriate non-relativistic regime pcy =~ 7. In deriving the above, we have set T to its
largest value in the non-relativistic regime, T' ~ T,, Txyu/mpy, and assumed mg ~ Try. Because
Pem K m%, mé, the resulting limit is much weaker than for relativistic DM, Eq. (89).

The picture repeats. For the A\;x mediated process we can use the cross section (124)) adapted
for the photons. The momentum loss is given by

dlog(pom) - Ty 0‘]231\/[ )\%XpEC)JM

146
dt pDM§m;Ll ’ (146)
which again gives a very weak constraint
N < 108 ( Moy )9/2 10* GeV\? /10 GeV \? (147)
o 105 GeV Ty T, )

Thus we are safe from scatterings with photons.

Scattering with relativistic fermions. — We first consider non-relativistic DM scattering with
relativistic fermions (for our standard benchmark parameter values the DM turns non-relativistic
at T" a little above the electron mass). For the A, mediated process we can use the cross section
(82). The momentum loss is

dlog(ppa) - nf)\2)\,21¢1)3)m?p2M

dt Poum .§m%m35

(148)

We can then substitute m; = m, as this is the only SM fermion of relevance in this regime. By
demanding the momentum loss be below the Hubble rate find

10/ mpy \7/2 /10° GeV\?2 /10 GeV ) 2
Ay < 14
ho =) <108GeV) < Vo > ( T, ) ’ (149)

where the strongest constraint again comes from 7' ~ T, Tryr/mpy, and we have set mg ~ Try.
For the \j,, mediated process we instead use the cross section (I21)) to find the momentum loss,

dlog(ppwm) N nf)\%zxm?‘p?c’M

- (150)
dt pDMsm%
The resulting constraint is
\ <1016< M )7/2 10* GeV\? /10 GeV \ 2 ash)
o 108 GeV T T, )~

which does not pose any problems.

Scattering with non-relativistic fermions. — We can also consider scattering with non-relativistic
fermions. In the current context this means electrons and nucleons. As we shall see below, the low
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pceu here means we can take the DM to be effectively interacting with the entire nucleon rather
than probing its internal structure. The number density of the fermions is taken approximately as

ny ~ Max [(me)i”/?e—mf/T, YoT?] | (152)

where the electron density at low 7' is approximately related to the baryon asymmetry, Yg, in order
for the Universe to be net EM charge neutral. In our simplified treatment we take the particles in
the plasma frame to have four momenta

p1 ~ (Mo, 0,0, MpyUpn) (153)
p2 = (my,0,0,0), (154)

as the SM fermion momentum is always negligible compared to pp,;. Here we have

§ ~ mpy + M+ 2mpumy, (155)

and T

mf mDMmf
~— ~— 156
Pcm mDMpDM T T (156)
As before we have .
oppm = —5—, (157)
Pcm

and the approximate momentum loss

dl 0 d
dlog(pon) | nyomsl / i< 5po (158)

dt bath PpmMm _4P%M dt

0
~do -
z_”f“MQ’l/ A4, (159)
2ppMPom —4pZy, dt
The relative velocity is approximately

UMgl ™~ Max — - (160)

T Tru ’ myg

The first term is simply the speed of the DM in the plasma frame and the second the fermion speed.
The latter follows from the usual non-relativsitic relation with the kinetic energy of the fermion,
taken to be ~ T (as these are still kinetically coupled to the photon bath). Throughout this regime
the electrons are always faster than the DM while the nucleons are slower down to keV scales,
even assuming our extremal benchmark parameter point.

Using our previously derived cross sections for the scattering with fermions, we find the mo-
mentum loss for the A,y dependent scattering,

dlog(ppa) nf)‘Q)‘%quUéy?m;%pCMquﬂ

dt pDM§m‘,§m3S ’

(161)

where y5 = 1 (~ 0.2) for electrons (nucleons) as the latter are composite and one must include
the effective Higgs-nucleon coupling [81]]. For the A, dependent scattering we have momentum
loss
dlog(ppy)  Tf A%X?/]%m;%PCMUM@l
dt - pDM‘gm% '

(162)
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From these, the strictest bounds on the couplings come from scatterings with the nucleons at the
highest temperatures for which DM is non-relativistic in the plasma frame T ~ T, Txy/Mmpy.
They read

\ <1011( Mg )2 10° GeV 2( me >2 10* GeV'\ /2 /10 GeV \ /2
10~ X \108 GeV g 101 GeV Tr T, ’

(163)

and

\ <1013< Mon )2 104 GeV\ 2 /10 GeV )\ /2 (164
e N (108 GeV Tt T,

We are therefore safe.

C.3 Summary of the DM scattering constraints

We thus conclude our examination of momentum loss. The strongest constraint in general came
from hard X + ¢ — X + ¢ scatterings at T =~ my ~ Tyry, given after a careful derivation in
Eq. (59), and given via an approximation in the main paper as Eq. (T1). If ¢ is complex, scattering
with the angular mode must also be accounted for Ty 2 107}, compare and (39). The
strongest constraints on the portal couplings, in contrast, arose from hard scatterings with the EW
Higgs X +h — X +¢, X+h — X +h in the regime of relativistic DM in the plasma frame. These
limits were given in Egs. and and are easily compatible with the couplings required for

rapid ¢ decay following the PT, given in Eqgs. (24), (23), (27), and (28).

D Analytic Derivation of the Coupling and Mass Scales

In the following, it will be useful to remember that the temperature of matter-radiation equality,
the DM mass, and yield are related by

3 9+(T5")
Youmou = ZWT’?{ —Ypmy (165)
~ 0.54T% ~ 0.43 eV, (166)

D.1 The quartic coupling

In order to have NCDM, the coupling A cannot be arbitrarily small. Requiring v(teq), Eq. (I0), be
above some reference value vj;,, we find

A > ( Vlim )1/2 < Cyac )1/4 (&)5/12 Tru Tru : (167)

104 10—2 102 Ez 71inﬂ
where we have used the DM yield, Eq. (9), to relate temperatures and mass scales appearing in
the expressions. The temperature ratios appearing above are at their minima, unity, precisely at

the vacuum dominated border 7;,, = Ty = Ting, so we immediately get a lower bound on A. The
coupling A is of course limited from above by the usual arguments from perturbitivity.
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Figure 8: Heavy non-cold DM from fast bubble walls in the plane of v4 vs DM mass mp,;, for
T, < Tina. The heavy DM is efficiently produced by fast bubble walls (outside of the green area),
compatible with Lyman-a bound (outside of the blue area - here taking mypy > 3 keV), and
kinetically decoupled from the bath (outside of the orange area). Bounds from kinetic equilibration
via scatterings of DM with light radial and angular modes o and a, Egs. (61)) and (68)), have also
been indicated. Future 21-cm reach is shown with a dashed blue line. Amount of supercooling is
shown with dotted purple lines. At fixed DM abundance, the decrease of the DM-scalar mixing
A (from left to right) leads to an increase of the phase transition scale v, which implies a longer
redshift of the DM momentum, and results in colder DM. In red, the yield Ypy in Eq. (E[) is
insufficient to explain DM. In brown, the Bodeker&Moore criterium PLo > Ayac is satisfied
and the acceleration of bubble walls is stopped by thermal friction (we chose g, = 20 and ¢y, =
0.01). In gray (right panel), the reheating temperature is larger than the DM freeze-out temperature
Tru > Tro and DM goes back into thermal equilibrium (we assumed the maximal annihilation
cross-section allowed by unitarity).

D.2 The DM mass scale

To avoid a return to kinetic equilibrium following the PT, we impose Eq. (TT), which gives a lower
bound on the DM mass

Moy > 8.0 x 107 GeV
« 23523 (@)1/6 <97*)1/6 MEPTIE N (T \ Y T (168)
@ 10-2 102 1.7x 109 GeV | \ T, Tinsi '

Here we have explicitly included the factor (Mngffq)l/ 3 ~ 1.7 x 10° GeV, to show the scaling
with these cosmological quantities. The temperature ratios appearing are at least one, and A is
bounded from below, so we obtain a lower bound on the DM mass.

Conversely, we can use the anti-adiabaticity condition, coming from Egs. (5) and (8), to find
an upper bound on the DM mass

9.4 x 10% GeV
Mpm < T
x ( = )1/3 30 NPT T\ (169)
10_2 AbubﬁH 1.7 % 109 GeV TRH ’

where the temperature ratio is now at most unity. Thus from Egs. (I69)), (I68)), (I67)), together with
perturbativity of the coupling, we arrive at the DM mass scale mpy ~ (0.1 — 1) (M2T5)/3 ~
(108 — 10°) GeV.
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D.3 The scale of the VEV

As shown in Fig. |8 fast bubble walls produce NCDM if the VEV of the scalar driving the PT
is around the electroweak scale vy ~ 0.1 TeV. In order to explain this coincidence, we can also
derive this scale analytically. Avoiding kinetic equilibrium gives a lower bound

1/3 e : :
s 110 Gey % ( 9s )5/12 ( Cyac )1/ 2 (ML T\ T\ (170)
® 22/3 \102 102 1.2 GeV Tn Tina .

The requirement for anti-adiabaticity gives an upper bound

. <360GeV<g*>1/2<cvac)1/6 30\ (0’50PN (T \ P e
¢ /3 102 102 ApubBH 1.2 GeV T, ‘

The range of the VEV in the NCDM region — which is centered around 7;, ~ Ti,q — is therefore
roughly vy ~ (102 — 103)(MpT59%)1/3 ~ (102 — 10%) GeV. Indeed, in the case T}, > Ting
the range of the VEV can only be tightened by considering some 7}, > Ti,q. While in the case
T, < Tina, we can restrict the range of the VEV by requiring the DM to have some non-negligible
V(teq) = Viim, Which implies a given temperature ratio Try/75,. For a lower bound, we thus have

5/18 _2\ 1/3 _4~ 5/6 1/34+eq2/3
1/3, (10 10 10 Mp! Ty
115 Ge A —_— 172
Yo ~ ) Gevx g¢ < Jx ) < Cvac Vlim 1.2 GeV ( )

And for an upper bound we have

102\ /18 /10-2\ /6 /10-4\ /3 30 /3 [ ppl/3qea2/s
vy < 370 GeV < ) ( > <> < > L — . (173)
9« Cvac Vlim ApubBH 1.2 GeV
Thus conclusively showing that the range of the VEV in the current NCDM region is approxi-
mately vy ~ (102 — 103)(MpTS4?)/3 ~ (102 — 103) GeV.
On the other hand, ignoring the requirement of being close to the current NCDM bound, we

can find where the bounds (170) and (171) intersect, in the case T,, < Ting. This gives the absolute
upper bound,

vy < 50 TeV ( G )5/6 ( Cvac )1/2 30 5/3 MP1>1/3T”Y3q2/3 (174)
¢~ g5 \102 102 Avub B 1.2GevV |’

which corresponds to the peak of the allowed region in Fig.
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