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A primordial spectrum of gravitational waves serves as a backlight to the relativistic degrees of
freedom of the cosmological fluid. Any change in the particle physics content, due to a change
of phase or freeze-out of a species, will leave a characteristic imprint on an otherwise featureless
primordial spectrum of gravitational waves and indicate its early-Universe provenance. We show that
a gravitational wave detector such as the Laser Interferometer Space Antenna would be sensitive to
physics near 100 TeV in the presence of a sufficiently strong primordial spectrum. Such a detection
could complement searches at newly proposed 100km circumference accelerators such as the Future
Circular Collider at CERN and the Super Proton-Proton Collider in China, thereby providing insight
into a host of beyond Standard Model issues, including the hierarchy problem, dark matter, and
baryogenesis.

Changes in the relativistic degrees of freedom of the
cosmological fluid of the early Universe leave an imprint
on a primordial spectrum of superhorizon and subhori-
zon gravitational waves (GWs). The physical mechanism
is easy to understand: a boost in the expansion rate, as
when the fluid cools past the rest mass of any species,
will slightly dilute all subhorizon gravitational radiation
relative to the background [1]; superhorizon waves are
frozen, however, and are unaffected by any hiccups in the
rate of expansion. The final, processed spectrum shows
a series of steps downward, going from low to high fre-
quency, corresponding to changes in the relativistic de-
grees of freedom [2]. This effect is illustrated in Figs. 1-2.
Our goal is to quantify the size of the steps in the GW
spectrum, and show that a new path to physics beyond
the Standard Model may be within reach of the Laser
Interferometer Space Antenna (LISA) [3].

We require the existence of a primordial stochastic GW
background (SGWB) at a detectable amplitude in or-
der to access new physics beyond the Standard Model.
Yet this may not be so outrageous, for several reasons.
First, recent theoretical work has identified a wide class
of early-Universe scenarios in which a strongly amplified,
blue-tilted GW spectrum is produced [4–14]. Hence, the
existence of a SGWB to serve as a backlight is within
the realm of current thinking about the early Universe.
Second, following on the success of the LISA Pathfinder
mission [15, 16], LISA has recently rebooted and a de-
sign analysis is in progress. This means a mHz-band GW
experiment that is sensitive enough to place meaningful
bounds on a SGWB may become a reality in the early
2030s [3]. The frequencies probed by LISA would corre-
spond to changes in the relativistic degrees of freedom of
the cosmological fluid at temperatures spanning T ∼ 103

- 107 GeV. This range of energies includes the reach of
the high energy Large Hadron Collider (HE-LHC) as well
as a proposed 100km circumference Future Circular Col-
lider at CERN (FCC-hh) or the Super Proton-Proton
Collider (SppC) in China that would achieve energies up
to 100 TeV [17, 18]. Hence, synergy between LISA and
future accelerators could provide insight into the hier-

archy problem, dark matter, supersymmetry or compos-
ite theories, but also completely new territory. There is
good reason to suspect new physics beyond the Standard
Model lurks at these energies [19, 20]. And whereas parti-
cle physics experiments are sensitive only to new physics
that couples to the Standard Model, this “backlight ef-
fect” is sensitive to all gravitating degrees of freedom,
light and dark.

Previous work that investigated the degree to which
a space laser interferometer can determine the thermal
history of the early Universe focused on gathering in-
formation about the equation of state of the early Uni-
verse [2, 21–25] or the post-inflationary reheat temper-
ature [26–28]. There is much ongoing work considering
early Universe phase transitions, either for the GWs they
themselves produce in the case of a strongly first-order
transition [29, 30], or the effect that a weaker, crossover
transition may have on an inflationary spectrum [31].
Our work is distinct in that we consider the ability of
LISA to distinguish the modulation of a primordial spec-
trum due to rather conservative speculations of new TeV-
scale physics.

Discovery of a primordial stochastic background would
be profound. Upon detecting an irreducible noise, how-
ever, one cannot immediately tell if it is an astrophysical
foreground from unresolved sources, or a primordial relic.
It is expected that astrophysical modeling of GW sources
can be translated into frequency and directional informa-
tion, as a template to remove known foregrounds. But
the identification of any residual background remains a
challenge, particularly if the residual is an otherwise fea-
tureless power law. The phenomenon we investigate is a
clear indicator of primordial provenance: a SGWB emit-
ted across a range of times, particularly one of inflation-
ary origin, should display the tell-tale steps in amplitude
that mark it as a primordial spectrum.

Gravitational Waves.— We consider a linearized de-
scription of weak GWs hij propagating in an expanding
spacetime ds2 = a2(τ)(−dτ2 + (δij + hij)dx

idxj). The
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equation of motion for the Fourier amplitude h̃ij(τ,~k) is

h̃′′ij + 2
a′

a
h̃′ij + k2h̃ij = 16πGa2Πij (1)

where ′ indicates derivative with respect to conformal
time and Πij is the anisotropic shear tensor. The comov-
ing frequency f is related to the wavenumber k = 2πf .
Although the shear of the cosmic fluid gives rise to some
important effects (e.g. Ref. [2]), we will ignore its possi-
ble contribution for now, thereby setting the right hand
to zero. We can further simplify the evolution by sep-
arating the frequency- and time-dependent amplitude
h(k, τ) from the polarization tensor: h̃ij = hP e

P
ij for

P = +, ×. Hereafter we drop the polarization index
for simplicity. The comoving expansion rate a′/a dis-
tinguishes two regimes of behavior. For superhorizon
modes, k � a′/a, the dominant solution for h is a con-
stant. For subhorizon modes, k � a′/a, the solution
is oscillatory. The transfer function relating the initial
amplitude hi at early times to the present-day ampli-
tude, as a function of scale, depends sensitively on the de-
tails of the intervening expansion history. In a radiation-
dominated background, with a ∝ τ , the analytic solution
is h = hi[sin k(τ − τi) + kτi cos k(τ − τi)]/(kτ) where we
assume initial conditions that are consistent with infla-
tion, h = hi, h

′ = 0 at some suitably early time such
that kτi � 1. The energy density in GWs is ρGW =
〈h′ij(τ, ~x)h′ij(τ, ~x)〉/32πGa2 where the angle brackets in-
dicate averaging over a time interval much greater than
the period of oscillation. Inserting the above analytic
solution for h into the expression for energy density, we
obtain the spectral density, ΩGW ≡ d(ρGW /ρc)/d ln f ,
where ρc is the present-day critical density. For cosmic
evolution that departs from radiation domination, how-
ever, we numerically solve Eq. (1) subject to the same
initial conditions to find the effect on the spectral den-
sity.

Cosmic Fluid.— The description of the radiation-
dominated epoch is based on the free-field thermodynam-
ics of a collection of noninteracting bosons and fermions
in thermal equilibrium [32]:

ρ =
∑
j

gj
2π2

∫ ∞
mj

dE
E2
√
E2 −m2

j

eE/Tj − sj
(2)

p =
∑
j

gj
6π2

∫ ∞
mj

dE
(E2 −m2

j )
3/2

eE/Tj − sj
. (3)

The sum is over all particle species of mass mj , gj is
the multiplicity or degrees of freedom, and sj = ±1 for
bosons/fermions. Our notation allows the temperatures
for different species to differ, but in equilibrium we expect
all temperatures to be the same. At high temperatures,
above the rest mass energy of all species T � mj , the
energy density and pressure are ρ = 3p = g∗π

2T 4/30,
and g∗ is the effective number degrees of freedom in the
relativistic gas.

Figure 1. (Top) The equation of state of the cosmic fluid, con-
sisting of 106.75 relativistic degrees of freedom as in the Stan-
dard Model, and g∗ = 0, 10, 30, 100, 300 degrees of freedom,
descending, as a function of T/m. (Bottom) The step feature
in a SGWB for g = 10, 30, 100 300 degrees of freedom of mass
m = 4 × 105 GeV. The Standard Model with gSM = 106.75
degrees of freedom has been assumed. For lower or higher
masses, the curves shift left or right, respectively. The top
axis label gives the translation to the temperature of the cos-
mic fluid in GeV, according to which 2πf = Ha/a0. In both
panels we plot a smooth interpolation of the results of our
numerical integrations.

Now consider an individual species in thermal equi-
librium with the rest of the fluid. As the temperature
drops below the mass, the pressure given by Eq. (3)
drops slightly more rapidly than the energy density. As
the particle species thereby becomes non-relativistic, the
equation of state of the cosmic fluid temporarily drops
below the relativistic case p/ρ = 1/3. This is also in-
dicated by a positive trace of the stress-energy tensor
Θ = ρ − 3p, which displays a spike relative to T 4. (See
Fig. 2 of Ref. [33].) The slight disturbance in the equa-
tion of state affects the redshift rate of the cosmic fluid
and the Hubble damping in the GW equation. This is
the origin of the effect we consider.

To model the impact of the thermal history on the
spectrum of GWs, we evolve Eq. (1) in the background
of a cosmic fluid with gSM = 106.75 relativistic degrees
of freedom, plus g additional degrees of freedom at a
collective mass m. Eqs. (2-3) are used to build the back-
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ground cosmology. Examples of the equation of state
history as functions of temperature are shown in the top
panel of Fig. 1. We calculate the spectral density for a
sequence of modes spanning present-day frequencies f ∈
[10−4, 10−1] Hz. Upon studying many cases in which g
and m are varied, for g ∈ [0, 103] and m ∈ [103, 107] GeV,
we find the resulting feature in the spectrum is well fit
by the function ΩGW (f) = Ω0

GW (f)F (f ; g, m) where

F (f ; g, m) =
1− ε(g) tanh[ln f/f0(m)]

1 + ε(g)
. (4)

Here, ε = (1 −∆)/(1 + ∆) where ∆ ' (1 + g/gSM )−1/3

and 2πf0 = Ha/a0|T'm/b with b = 2.2/∆ determined
empirically. Illustrated in the lower panel of Fig. 1 are
examples of the resulting step-like feature or break in the
spectral density, which we seek to detect. We find that a
mass in the vicinity of 100 TeV corresponds to a feature
at mHz frequencies.

This simple parametrization also provides an effective
description for a crossover transition, as occurs for the
electroweak Higgs symmetry breaking transition as well
as for QCD at the confinement transition. In both cases,
the effect on the expansion rate is well described us-
ing free-field thermodynamics. In the case of the elec-
troweak transition, the mass and degrees of freedom of
participating species are known, so that the effect on
the cosmic expansion may be calculated. For the QCD
transition, lattice simulations are required to determine
the critical temperature and strength of the conformal
anomaly, which can be translated into a mass m and
effective degrees of freedom g. Beyond the Standard
Model, we expect that the phenomenological impact of a
crossover in an SU(N) can also be described using Eq. (4),
where g scales as the appropriate power of the number
of charges of the gauge field and the coupled fermion
families. Hence, a crossover transition in the vicinity of
100 TeV will also leave an imprint at mHz frequencies.

The effect of an out-of-equilibrium decay of a non-
relativistic species can also be accommodated within
our model. Consider a species X with mass mX that
drops out of equilibrium and freezes out at an abun-
dance YX . Following the blueprint for thermal dark
matter, this non-relativistic species will eventually dom-
inate over the radiation. However, if it subsequently de-
cays at a rate ΓX into Standard Model radiation which
thermalizes with gX degrees of freedom, this species can
drive a departure from pure radiation-domination and
produce the same step-like feature in a SGWB. In this
case, we can still use Eq. (4), but now ∆ = 1− gX/gSM
and 2πf0 = Ha/a0|ΓX=H . The abundance is related as
YX ' 3

4m
−1
X (∆−1−1)[90Γ2

XM
2
P /π

2gSM ]1/4. In this case,

a decay rate ΓX that is roughly (100 TeV)2/MP would
leave a mHz imprint. Since the particle species would
be non-relativistic after dropping out of equilibrium, mX

must be 104 TeV or larger.
LISA.— The Laser Interferometer Space Antenna is a

proposed mission by the European Space Agency (ESA)

to detect long wavelength GWs. LISA is three Michel-
son interferometers, consisting of a trio of spacecraft in an
equilateral triangle configuration; each spacecraft, carry-
ing a pair of isolated test masses, laser and optics bench,
is in a freely falling, Earth-trailing orbit around the Sun.
The distance between spacecraft is L = 2.5 × 106 km,
which sets the characteristic frequency in the mHz range.
The mission requirements prescribe a sensitivity range
spanning the interval [0.1, 100] mHz [3].

The sensitivity of LISA to a SGWB may be estimated
by considering the signal to noise ratio of the optimal
statistic

SNR2 =
∑
a=A,E

T

∫ fmax

fmin

df

(
Sa(f)

Na(f)

)2

. (5)

where S is the signal covariance matrix, N is the noise
power spectrum, dominated by acceleration and optical
metrology shot noise, and T is the observation time [34,
35]. The sum is over the two independent autocorrelation
modes, labelled a = A, E. We implicitly assume that a
third mode T is used to characterize and clean the noise
from the A, E-modes [36, 37]. The signal due to a SGWB
is

Sa[ΩGW (f)] = Ra(f) |W (f)|2 I[ΩGW (f)] (6)

where Ra is the response of the detector geometry to an
isotropic distribution of GWs, W is a factor that accounts
for the time-delay interferometry (TDI) used to mitigate
the effects of laser power noise and satellite drift, and
the intensity is I[x(f)] = 3H2

0x(f)/4π2f3 [38]. These ex-
pressions are identical for both AA and EE modes. We

Figure 2. Tilted SGWBs consistent with current bounds that
feature a step (g = 100, m = 100 TeV) are shown on a sen-
sitivity curve for LISA (black solid). A SGWB without the
step (thin black line) is included for contrast. For the upper,
red dashed case, SNR=9 and the Fisher forecast measure-
ment uncertainty is σg = 15, σm = 24 TeV; the feature in the
lower, purple dotted case is at the threshold of detectability,
with SNR=3 and σg = 50, σm = 75 TeV.
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set the threshold for detection of a SGWB to an inte-
grated signal-to-noise ratio SNR=3 for three years obser-
vational data. The resulting sensitivity curve for LISA
to a featureless, scale-free spectrum is shown in Fig. 2.
Any power-law SGWB that crosses above the sensitivity
curve is, in principle, detectable [39]. In this simplistic
analysis, we assume that astrophysical foregrounds from
unresolved galactic sources may be distinguished for their
anisotropic distribution and cleanly removed [40, 41].

To determine the sensitivity to the step in the spec-
trum, we adapt a matched filter approach and con-
sider a χ2-inspired SNR, replacing Sa in Eq. (5) by
Sa[ΩGW (f)] − Sa[ΩNGW (f)]. This closely resembles the
statistic developed in Ref. [30]. In the preceding ex-
pression, ΩGW (f) is the SGWB in the presence of g
additional degrees of freedom of mass m. We model
this as ΩGW (f) = Ω0

GW (f)F (f ; g,m), where Ω0
GW (f) =

AGW (f/f∗)
nT and F is given by Eq. (4). The other term,

ΩNGW (f) ≡ Ω0′
GW (f), is the spectrum without the feature;

the prime indicates that we allow different values of AGW
and nT in the reference spectrum, which we marginalize
over. We use this statistic to determine whether the dif-
ference between the spectra with and without the feature
is large enough, relative to the noise, to be detectable.
We minimize the SNR with respect to ΩNGW to find the
value that best fits the spectrum with the step. If g is
too small, or if m is too extreme for the feature to lie
within the LISA band, then we expect ΩGW (f) to be
indistinguishable from a featureless spectrum. We set a
modest threshold SNR > 3 for detectability of the step
in the spectrum.

We can also use a Fisher analysis to determine how
well a GW observatory can measure a step in the SGWB
spectrum [30, 42]. The covariance in the a = A,E inter-
ferometer signals is

C =
1

2
[Sa(f) +Na(f)] δab. (7)

Assuming that the data is drawn from a Gaussian distri-
bution, the Fisher information matrix is given by [42]

Fαβ =
1

2
Tr

[
C−1 ∂C

∂θα
C−1 ∂C

∂θβ

]
, (8)

' 1

2
T
∑

a=A,E

∫ fmax

fmin

∂Sa(f)
∂θα

∂Sa(f)
∂θβ

[Na(f) + Sa(f)]
2 df, (9)

where θα are the parameters used to model the SGWB,
and again we have assumed that the instrumental
noise can be completely characterized by monitoring the
Sagnac (T -mode) signal. The inverse of the Fisher matrix
is the parameter covariance matrix giving us estimates for
their uncertainties (see, e.g., Ref. [43]).

As before we model the SGWB as a power-law with
a step so that the spectrum can be described by four
parameters: AGW , nT , g, m; we take the pivot frequency
f∗ ≡ 1/(2πL). In order to ensure that all of the elements
of the Fisher matrix are of similar order (so that it is well-
conditioned) we parameterize the SGWB amplitude by

Figure 3. The threshold Ω0
GW needed to identify the back-

light effect for fixed degrees of freedom is shown as a function
of the mass. The grey shaded region above the horizzotnal
dashed line shows the level of SGWB excluded by current ob-
servations (in the absence of new physics at higher energies).
On the top axis, the center-of-mass energies of two proposed
colliders, the HE-LHC and FCC-hh, are given. Note that
both the HE-LHC and FCC-hh are hadron colliders which
scatter constituent partons at energies that are far less than
the given center-of-mass energies. It is the partonic interac-
tions that generate the long-lived particles. Thus, the yellow
shaded region is a very conservative estimate of the discovery
capability of these future colliders.

lnAGW and lnm where m is in units of 105 GeV. We find
that both the SNR and Fisher approaches produce the
same estimated uncertainties in the model parameters.

The sensitivity of LISA to the thermal history of the
Universe is summarized in Fig. 3. First, we see that
the threshold ΩGW to identify the backlight effect de-
creases monotonically as the number of degrees of free-
dom increases. However, the relative gain in sensitivity
diminishes as the floor of the LISA sensitivity window is
reached. Second, LISA is most sensitive to effects that
correspond to frequencies near a few mHz, which trans-
lates into a shift in degrees of freedom at a mass scale
near 100 TeV.

The inflationary SGWB.— In a universe filled with
matter and radiation the GW background at LISA fre-
quencies predicted by inflation is given by [22]

Ω0
GW (f) =

rAs
24

Ωr

(
f

fcmb

)nT
. (10)

We evaluate the spectral density as follows. Using the
temperature and polarization measurements of the 2018
Planck data release [44] as well as data from the Keck
Array and BICEP2 collaborations [45] the scalar pertur-
bation amplitude is 109As = 2.100± 0.030, the tensor to
scalar ratio is constrained to be r < 0.07 (95% C.L.) so
we define r7 ≡ r/0.07, and the CMB pivot frequency is
fcmb = 1.94×10−17 Hz; the radiation energy density con-
sisting of photons at a temperature of Tcmb = 2.7 K and
three nearly massless neutrinos is Ωrh

2 = 4.15 × 10−5;
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Figure 4. Contours in m − g parameter space within which
the backlight effect can be identified are shown for different
amplitudes of the SGWB. The dot-dashed, dashed, and solid
curves are for Ω0

GW = 10−11, 10−10, 10−9.

the Hubble constant is measured to be approximately
h ' 0.7 [44, 46]. If the primordial SGWB is scale in-
variant (i.e., nT = 0) then in the absence of any particle
physics effects, the amplitude at mHz frequencies is

Ω0
GW (f) 6 5× 10−16r7, (11)

which is well out of reach of LISA. However, the situa-
tion is different if the spectrum is strongly blue tilted, as
has been proposed recently (see, e.g., Refs. [4, 6, 7, 9–
12]). Assuming an instantaneous reheat temperature
Trh > 108 GeV, then a primordial signal may be within
reach of LISA. We can use a variety of upper limits on
ΩGW coming from measurements of the CMB, pulsar
timing arrays, LIGO, and indirect constraints from the
contribution of the short-wavelength SGWB to the ra-
diative energy density of the universe [47] to arrive at a
bound nT < 0.39 − 0.04 log10(r/0.07) at the 95% con-
fidence level [48] and assuming an instantaneous reheat
temperature Trh > 1010 GeV. Using these constraints,
the upper limit to the SGWB in the mHz range is given
by

Ω0
GW (f) 6 1.8× 10−10r0.4

7

(
f

3 mHz

)0.39−0.04 log10 r7

.

(12)
Comparing with Fig. 2, the idealized, peak LISA sen-
sitivity to a stochastic background is several orders of
magnitude better than the current upper limit, leaving
ample room for discovery.

Beyond the Standard Model (BSM) Scenarios.— The
backlight effect can be used to probe the new physics at
multi-TeV to PeV temperatures predicted in a variety of
BSM scenarios. For example, symmetry-breaking phase
transitions are a staple of model building which, if de-
tected, would indicate new fundamental laws of matter.
Likewise, out of equilibrium decays are a generic feature
in a variety of BSM scenarios, including ones that ex-
plain the hierarchy problem, baryogenesis, and also dark

matter. A simple example is a dark photon generated by
adding a U(1)′, spontaneously broken gauge symmetry
to the Standard Model. In this scenario the dark pho-
ton, Z ′, is coupled to the hypercharge gauge boson via
kinetic mixing, Lmix = ε

2 F
′
µνB

µν . Here B and F ′ are
the field strength tensors for the photon and dark pho-
ton, respectively. The Z ′ has a mass of mγ′ � mZ with
the coupling [49]

Lγ = − e

swcw
ψiγ

µ
(
g(i)
v + g(i)

a γ5

)
ψiA

′
µ, (13)

where

g(i)
v =

cwswg
′

e
√

1− ε2

(
1

2
T i3 − s2

wQ
i

)
(14)

+
ε sw√
1− ε2

(
1

2
T i3 −Qi

)
g(i)
a =

1

2
T i3 −

ε sw

2
√

1− ε2
T i3. (15)

This coupling accounts for the fact that electroweak sym-
metry has not been broken at the time of interest. The
subsequent decay of the dark photon into fermionic elec-
troweak multiplets occurs with the width

Γ =
∑

i= SM fermions

Nc
12π

mγ e
2

s2
wc

2
w

(
g(i) 2
v + g(i) 2

a

)√
1− 4yi

×

[
1 + 2yi

(
g

(i) 2
v − 2 g

(i) 2
a

g
(i) 2
v + g

(i) 2
a

)]
(16)

where yi = m2
i /m

2
γ′ , respectively. For simplicity, we also

assume the dark Higgs boson, which is responsible for
spontaneously breaking the U(1)′, is heavier than the
dark photon mass. The kinetic mixing parameter, which
controls the decay lifetime, can be arbitrarily small. Con-
sequently, a long-lived particle of mass mX & 106 GeV
with decay constant ΓX ' 1.3 × 10−8 GeV and abun-
dance YX ' 1.8× 10−2(mX/106 GeV)−1 would have the
appearance of a crossover transition with 100 degrees of
freedom at 120 TeV, right in the center of the LISA win-
dow. This translates to ε . 10−2 for the model above.

If the sole addition to the Standard Model up to these
mass scales is a single massive species, such as a ther-
mal dark matter candidate at the limit of the unitarity
bound . 100 TeV [50], then detection would require a
background Ω0

GW & 5×10−10. This threshold is inconsis-
tent with the current bound; however, if there are further
changes in the particle content at higher energies, then
the bound may be softened. Continued improvement will
restrict attention to blue-tilted backgrounds and limit the
ability to resolve the number of species.

Discussion.— Detection of GWs across a wide range
of frequencies can provide crucial information about the
underlying source. We have shown that the mHz fre-
quency band has the potential to open up a new win-
dow on beyond Standard Model physics that is comple-
mentary to searches at newly proposed 100km circumfer-
ence accelerators such as the Future Circular Collider at
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CERN and the Super Proton-Proton Collider in China.
There are further implications of the backlight effect
across frequencies spanning the CMB (f ∼ 10−18 Hz)
to LIGO/Virgo and future ground-based observatories
[51, 52] (f ∼ 100 − 1000 Hz). If a primordial power-law
spectrum is detected in the CMB, then we can expect the
amplitude at the low-frequency end of the LISA window
to be suppressed relative to a naive power-law extrapo-
lation. The combined effects of neutrino viscosity, the
non-relativistic transition of electrons, and the QCD and
EW Higgs crossover transition serve to lower the ampli-
tude of higher-frequency waves by a factor of ∼ 0.4. (See
Fig. 5 of Ref. [2].) Similarly, due to unknown physics
beyond 100 TeV, the high frequency bound on a SGWB
may be weakened when extrapolated back to the LISA
window.

Other concepts for space-based GW detectors may
probe even higher energies than LISA. The Big Bang
Observer is a similar constellation of three spacecraft,
with separation L = 5 × 107 m, therefore sensitive to
higher frequencies or higher energy scales in the ther-
mal history of the Universe. Under the assumption of
position and acceleration noise sensitivity 10−17 m/

√
Hz

and 3× 10−17 m/s2
√

Hz [53], we find that the sensitivity
curves have the same shape as for LISA, but shifted by
two orders of magnitude higher in mass.

The results derived here may also apply to a GW spec-
trum emitted by a network of cosmic strings or other
scaling sources [54]. A scaling network emits a scale free

spectrum of GWs during the radiation era. Loops ra-
diate at frequencies fn = n/(αt) for n = 1, 2, ... un-
til they evaporate away, where simulations suggest α is
10−3 or smaller. If the loop lifetime is sufficiently short,
and the power in higher harmonics drops steeply, then to
first approximation loops radiate into their fundamental
mode for a duration that is much shorter than a Hub-
ble time. If these conditions hold, then changes in the
degrees of freedom of the cosmological fluid should be
imprinted on the radiation spectrum of loops: radiation
from all loops that are present when a particle species be-
comes non-relativistic will be slightly diluted; radiation
yet to be emitted from loops that have not yet formed
will not be diluted [1, 55]. Since α� 1, events at a tem-
perature T will impart features at the higher frequency
2πf = α−1Ha/a0|T . This means the thermal history of
the Standard Model could lie in the LISA band. However,
we caution that the step feature will be smeared due to
both extended loop lifetime and power in higher harmon-
ics [56–60]. Since there remains considerable uncertainty
regarding loop lifetime and spectra [61, 62], as well as the
conditions under which the network forms [63], we leave
investigation of the detectability of this effect for cosmic
string spectra for future study.
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