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Light feebly interacting dark matter is widely predicted in a plethora of new physics models. However,
due to very feeble couplings with the standard-model particles, its relic density produced via the relativistic
thermal freeze-out process easily exceeds the observed value. The entropy dilution in an early matter-
dominated era provides an attractive mechanism for solving such an overabundance problem. In this work,
we note that this dark matter dilution mechanism will lead to two distinctive kinks in the primordial GW
spectrum, whose frequencies strongly correlate with the DMmass. We show that the GW detectors, such as
Cosmic Explorer (CE) and Big Bang Observer (BBO), can measure the kinks in the primordial GW
spectrum and will offer a new avenue to probe light feebly interacting dark matter.
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I. INTRODUCTION

The weakly interacting massive particle (WIMP) has
long been considered a compelling candidate for DM and
has been extensively searched for in collider, direct, and
indirect detection experiments [1–12]. However, despite
these efforts, no unambiguous signal confirming the
existence of WIMPs has been observed. Conversely, these
experimental observations have imposed stringent limits on
the parameter space of WIMPs [13,14]. Consequently, light
feebly interacting DM candidates, such as the gravitino and
axino [15–19], have gained significant attention due to their
ability to evade the constraints from direct-detection experi-
ments, where their superweak coupling to visible particles
makes them unlikely to be probed through conventional
direct-detection searches. However, the light feebly inter-
acting DM can be probed at the colliders [20,21], but also
through using telescopes and neutrino experiments to
detect the decay products of parent particles [22–25].
Furthermore, the primordial gravitational waves (GWs)
can be regarded as a probe that detects high-energy physics

from the end of inflation to big bang nucleosynthesis. The
primordial GWs therefore can be utilized to probe such
light feebly interacting DM.
During the early high-temperature phase of the Uni-

verse, light feebly interacting DMwould have been brought
into thermal equilibrium with the surrounding particles.
As a result, the relic density of such DM, produced
through thermal production mechanisms [26–30], could
potentially lead to an overclosure of the Universe due to its
small annihilation rate compared to WIMP DM [31,32].
Intriguingly, the overproduced abundance of DM can be
diluted by the additional production of entropy, aligning
it with the observed value. This additional entropy
production can be generated by the late decays of certain
states [20,25,33–42], which often give rise to an early
matter-dominated era (EMD), preceding the regular
radiation-dominated epoch.
Furthermore, the recentmilestonediscoveryof gravitational

waves has opened up a new era in astronomy and cosmology
[43–45]. GWs induced by cosmic strings [46–48], primordial
inflation [49], and strong first-order phase transition [50,51]
offer novel cosmological probes that provide an exciting
opportunity to investigate the earlyUniverse’s history [52–69],
including an EMD era. The EMD era can modify the
GW spectrum, thus offering the potential to search for
light feebly interacting DM through the detection of GW
signals.
In this paper, we investigate the role of inflationary GWs

as a probe for light feebly interacting DM. Notably, the
EMD era induces distinctive features in the primordial GW
spectrum where there exist two kinks. The frequencies of
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these kinks are determined by parameters associated with
the EMD epoch. Additionally, these parameters govern the
magnitude of the dilution effect occurring during the EMD
era and are connected to the mass of the DM candidate
through the overproduced DM abundance. Consequently,
the EMD era serves as a bridge between GWs and DM,
providing a unique opportunity to probe light feebly
interacting DM across different mass ranges using infla-
tionary GW observations. By exploring the relationship
between the EMD era, the primordial GW spectrum, and
the properties of light feebly interacting DM, we aim to
uncover new insights into the nature of DM and its
connection to the early Universe. Our study highlights
the potential of inflationary GWobservations as a powerful
tool for investigating the properties of DM, offering a
complementary approach to traditional collider and (in)
direct-detection experiments.

II. THE DM RELIC DENSITY AND EARLY
MATTER-DOMINATED ERA

In this work, we consider that the reheating temperature
after inflation, TI

R, is larger than the freeze-out temperature
of light feebly interacting DM, Tf. Therefore, despite its
feeble interactions with standard-model particles, light
feebly interacting DM would freeze out in the early
Universe due to the compensation of a high reheating
temperature TI

R. However, due to its feeble interaction, light
feebly interacting DM decouples from the thermal bath in
an early time, when the freeze-out temperature of light
feebly interacting DM is still much higher than its rest
mass, which provides the DM relic density as

Ωχh2 ¼
mχY∞s0

ρc
h2 ≈ 0.12

�
mχ

112 eV

�
: ð1Þ

Here,Ωχh2 represents the present-day DM relic density,mχ

is the DM mass, Y∞ is the present-day DM yield, s0 is the
current entropy, ρc is the critical density, and h is the
reduced Hubble constant. The DM yield is given by

Y∞ ¼ 135ζð3Þ
8π4

gχ
gsðTfÞ

; ð2Þ

where gχ represents the internal degrees of freedom
(d.o.f.’s) of DM, gsðTÞ is the effective number of relativistic
d.o.f.’s of entropy at temperature T, and Tf is the freeze-out
temperature of DM. In contrast to WIMP DM, the relic
density of light feebly interacting DM can easily exceed the
observed value of Ωobs

χ h2 ¼ 0.12 due to its weaker anni-
hilation cross section. To reconcile this discrepancy, the
overproduced DM abundance can be diluted by extra
entropy production, which is usually induced by a late-
decaying state, resulting in an EMD era. It is important to
note that the EMD scenario is merely one among various

possibilities for explaining the observed relic density of
dark matter. Additional mechanisms, including late-time
entropy production from alternative sources or nonstandard
interactions of dark matter, can also be taken into account.
However, the key aspect that entropy dilution is correlated
with the mass of dark matter remains independent of
specific model details.
In this study, we consider the moduli as the late-decaying

state [70]. The evolution of the early Universe during the
EMD era is governed by the coupled Boltzmann equations,

dϕm

dt
¼ −Γmϕm;

dϕR

dt
¼ aΓmϕm; ð3Þ

where ϕR and ϕm represent the comoving energy density of
radiation and moduli, respectively. Γm is the decay width of
moduli, a is the scale factor, andMPl is the reduced Planck
mass. The Hubble expansion rate during the EMD era is
given by

H2 ¼ 1

3M2
Pl

�
ϕR

a4
þ ϕm

a3

�
: ð4Þ

The EMD era consists of adiabatic and nonadiabatic
phases [29,30], starting at the cosmic temperature Teq and
ending at TR. These characteristic temperatures, deter-
mined by the decay width and comoving energy density
of the moduli, can be expressed as follows:

Teq ¼
�

30ϕm

π2gρðTeqÞ
�

1=4
; ð5Þ

TR ¼
�

90

8π3gρðTRÞ
�

1=4 ffiffiffiffiffiffiffiffiffiffiffiffiffi
ΓmMPl

p
: ð6Þ

Here, gρðTÞ represents the effective number of relativistic
d.o.f.’s of the energy density at the cosmic temperature T.
The moduli decay injects additional entropy into the early
Universe, and the resulting dilution effect can be para-
metrized by the dilution factor

D≡ Safter
Sbefore

¼ gsðTRÞT3
R

gsðTeqÞT3
eq

aðTRÞ3
aðTeqÞ3

¼ gsðTRÞgρðTeqÞ
gsðTeqÞgρðTRÞ

Teq

TR
;

ð7Þ

where Sbefore (Safter) is the comoving entropy of the
Universe before (after) moduli decay. We use the relation
between the scalar factor and Hubble expansion rate in the
EMD era, aðTÞ ∝ HðTÞ−2=3, to derive the dilution factor. It
is worth noting that the dilution factor is valid for DM
production before the beginning of the nonadiabatic
EMD era. As the freeze-out temperature of light feebly

GU, SU, WU, WU, and ZHU PHYS. REV. D 110, 015022 (2024)

015022-2



interacting DM is very high, the dilution from Eq. (7) is
always valid in our scenario. The thermally overproduced
DM abundance with different DM masses mχ needs the
suitable dilution factors D ¼ mχ=112 to reconcile with the
observations, where mχ is in the units of eV. For example,
the Lyman-α forest data sets put strong constraints on the
free streaming of warm dark matter, further on the mass of a
thermal relic warm dark matter, mχ > 5.3 keV [71], which
implies that the dilution factorD ≈ 47 at least is required to
satisfy the warm dark matter thermal relic. The larger the
DM mass mχ is, the larger the required dilution factor is, as
the thermally produced DM yield is proportional to mχ .
Besides, the entropy injection can not only dilute the DM
thermal relic, but also cool down the DM velocity. The DM
particle with mass mχ that is thermal freeze-out when
relativistic has a present-day velocity of

hv0χi ≈ 0.023 km s−1
�
gρðTfÞ
100

�−1=3� m
1 keV

�
−1
: ð8Þ

The limits between hot, warm, and cold dark matter
are ambiguous. One can qualify as warm dark matter
with velocity 0.0018 km s−1 ≤ v0χ ≤ 0.054 km s−1 [72].
The extra entropy injection after the DM thermal freeze-
out cools down the DM velocity: hv0χi → hv0χi=D1=3. This
indicates that the dilution factor D ≈ 72 is required to
satisfy warm dark matter bounds when mχ ¼ 0.1 keV.
Note that the dilution factor D relies on the two character-
istic temperatures TR and Teq, which are related to the
EMD era induced by the moduli. Intriguingly, the EMD era
will cause two turning points in the primordial GW
spectrum, whose frequencies are also dependent on these
two characteristic temperatures. This indicates that the
primordial GW spectrum can be utilized to look for light
feebly interacting DM. In the next section, we will evaluate
the primordial GW spectrum during an EMD era and
discuss the prospect of DM detection through primor-
dial GWs.

III. THE PRIMORDIAL GRAVITATIONAL WAVE
SPECTRUM IN THE EMD ERA

Primordial gravitational waves represent tensor pertur-
bations in a spatially flat Friedmann-Robertson-Walker
(FRW) universe, described by the metric

ds2 ¼ −dt2 þ a2ðtÞðδij þ hijðt; x⃗ÞÞdxidxj: ð9Þ

Here, the gauge-invariant tensor perturbation hij satisfies
hij ¼ hji, along with the transverse and traceless con-
ditions: hii ¼ 0 and hij;j ¼ 0. By treating hij as a
quantum field, we obtain the equation of motion for
freely propagating GWs without the anisotropic stress
of the energy-momentum tensor (Πij ¼ 0). Thus, the

equations of motion for the tensor modes hkðτÞ in
Fourier space are described by

�
d2

dτ2
þ 2

a
da
dτ

d
dτ

þ k2
�
hkðτÞ ¼ 0; ð10Þ

where k is the wave number, and τ represents the
conformal time with its derivative dτ ¼ dt=a. The current
energy spectrum of primordial GWs is given by the
present-day tensor power spectrum Δ2

hðk; τ0Þ:

ΩGW
0 ðfÞ ¼ 1

12

�
2πf
H0

�
2

Δ2
hðk; τ0Þ; f ¼ k

2πa0
: ð11Þ

The wave numbers k are outside the horizon during
inflation, implying that the tensor modes hkðτÞ are inde-
pendent of the conformal time τ until the wave numbers k
reenter the horizon. Consequently, the present-day tensor
power spectrum is related to the primordial tensor power
spectrum through the tensor transfer function ThðkÞ [58]:

Δ2
hðk; τ0Þ ¼ ThðkÞΔ2

hðk; τiÞ: ð12Þ

The transfer function behaves asThðkÞ∼ða2k=a20Þ [52–54],
where ak ¼ k=HðakÞ is the scale factor at the k-mode
horizon reentry and depends on the equation of state
(EOS) at the time of horizon reentry. More details about
the tensor transfer function can be found in Ref. [58]. The
calculations of the primordial tensor power spectrum are
conventionally based on the CMB pivot wave number kcmb.
Eventually, the current energy spectrumΩGW

0 ðfÞ is described
by the primordial tensor amplitude At,

ΩGW
0 ðfÞ ¼ 1

12
ThðkÞ

�
2πf
H0

�
2

At

�
k

kcmb

�
nt
; ð13Þ

where nt is the tensor spectral index. The primordial GW
signals are strongly enhanced by both primordial tensor
amplitude At and tensor spectral index nt. We therefore
reasonably set themaximumAt andnt so that the present-day
and future GW detectors can detect the primordial GW
signals asmuch as possible. ThemaximumAt depends on the
amplitude of the primordial scalar spectrum As and the
tensor-to-scalar ratio r ¼ At=As ≲ 0.07 [73]. According to
the measured primordial scalar spectrum As ¼ 2.1 × 10−9,
the maximally allowed At is set to 1.5 × 10−10. On the other
hand, we take the similar maximum nt ¼ 0.4 as discussed in
Ref. [69]. Besides this, the primordial GW power spectrum
decreaseswith the increase of r. Therefore,we investigate the
primordial GW power spectrum without an EMD era by
fixing r ¼ 0.07 for detectability. We find that the GW
primordial spectrum generated by nt < 0.13 is beyond the
range of the cosmic explorer (CE) [74] detector, while that
produced by nt < −0.1 is beyond the detection capability of
the big bang observer (BBO) [75–77] detector.
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The EMD era leaves distinct imprints on the primordial
GW spectrum, where two characteristic features can be
identified—the EMD bump and the matter-dominated tail:

(i) EMD bump: During the EMD era, the background
expansion of the Universe transitions from an
accelerated phase to a decelerated phase. This
changes the tensor transfer function from ThðkÞ ∝
f−2 to ThðkÞ ∝ f−4, resulting in one kink and a
temporary enhancement in the primordial GW
spectrum at certain frequencies. This feature is
known as the EMD bump. The EMD bump arises
due to the presence of additional sources of aniso-
tropic stress during the EMD era, such as collision-
less particles or cosmic defects. The amplitude and
shape of the EMD bump depend on the properties of
these additional sources. The EMD bump is typi-
cally characterized by its peak frequency fpeak and
its amplitude relative to the inflationary background.

(ii) Matter-dominated tail: After the EMD era, the
Universe enters the regular radiation-dominated
era, during which the primordial GW spectrum
continues to evolve. The tensor transfer function
evolves from ThðkÞ ∝ f−4 to ThðkÞ ∝ f−2, leading
to another kink in the primordial GW spectrum at
certain frequency. Also, the amplitude of the pri-
mordial GW spectrum decreases as ΩGWðfÞ ∝ fnt
for frequencies below the peak frequency fpeak. This
power-law behavior is known as the matter-domi-
nated tail of the primordial GW spectrum. The
matter-dominated tail extends to lower frequencies
and provides a unique signature of the early Uni-
verse dynamics.

The detection and characterization of the EMDbump and the
matter-dominated tail in the primordial GW spectrum can
provide valuable insights into the physics of the early
Universe, including the nature of the EMD era and the
generationmechanisms of primordial GWs. The EMDbump
and matter-dominated tail occur at the two characteristic
temperatures Teq and TR, respectively, which single out two
corresponding frequencies fðTeqÞ andfðTRÞ. The frequency
fðTRÞ at temperature TR can be obtained by Eq. (11):

fðTRÞ ¼
aðTRÞHðTRÞ

a0H0

fðT0Þ

¼
�
gsðT0Þ
gsðTRÞ

�
1=3

�
gρðTRÞ
gρðT0Þ

�
1=2

ð2Ω0
RÞ1=2

TR

T0

fðT0Þ;

ð14Þ

whereT0 ¼ 2.72548 K [78] is the present temperature of the
cosmic microwave background (CMB) and fðT0Þ ¼ H0=2π
denotes the current frequency of the GW mode. H0 ¼
100h km=s=Mpc is the present-day Hubble expansion rate,
and Ω0

R represents the ratio of the current radiation energy
density and critical density. Likewise, we can derive the

frequency fðTeqÞ by exploiting the relationship between
temperature and frequency:

fðTeqÞ ¼
�
gρðTRÞ
gρðTeqÞ

�−1=6�Teq

TR

�
2=3

fðTRÞ: ð15Þ

In Eqs. (5) and (6), these two characteristic temperatures
TR and Teq are only functions of the decay width Γm and the
comoving energy density ϕm, respectively, which ensures
that the frequency fðTRÞ is a function of Γm only while
fðTeqÞ is a function of bothΓm andϕm. Hence, we first study
the casewhere the lower frequency fðTRÞ is detected byGW
detectors such as the CE and BBO, as it is only connected
with Γm. In Fig. 1, we show, by the shaded region, the
parameter space that leads to the lower kink frequency fðTRÞ
that can be covered by BBO or CE GW experiments. The
parameter regions that can provide observed DM relic
density for different choices of DM mass are also indicated
by the solid lines with different colors. More importantly, the
behavior of the transfer function ThðkÞ is modified by the
EMD era, which eventually leads to a change in the spectral
index of the GW spectrum:

n ¼ nt þ 2 ×
3ω − 1

3ωþ 1
; ð16Þ

where ω ¼ 0 arises from the EOS during an EMD era.1

Therefore, the spectra index of the GW spectrum changes by

FIG. 1. The contour plots of observed DM relic density with
different masses mχ as a function of decay width Γm and the
comoving energy densityϕm. The blue, magenta, and cyan contour
plots are for mχ ¼ 10 keV, mχ ¼ 1 MeV, and mχ ¼ 1 GeV,
respectively. The purple (green) shaded region indicates the case
where the lower kink frequency fðTRÞ is within the sensitivity of
the CE (BBO) detector.

1It should be noted that the nonstandard cosmological models
with EOS ω ¼ 0 will leave similar signatures on the gravitational
spectrum compared to the EMD era. This indicates that the EMD
era may be difficult to distinguish from the phase transition or
more complex inflationary dynamics in this scenario.
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δn ¼ −2 during an EMD era. This implies that the GW
spectrum drops sharply within the EMD era and has a
steplike feature between the frequencies fðTRÞ and fðTeqÞ.
The GWenergy density values, which are also diluted by the
entropy produced during the EMD era, at the frequencies of
these two kinks are approximately related to the dilution
factor by [69]

Ω0
GWðfðTeqÞÞ

Ω0
GWðfðTRÞÞ

≈
�
fðTeqÞ
fðTRÞ

�
nt
D−4=3: ð17Þ

As mentioned before, the thermally produced DM relic
density with a larger mass requires a larger dilution factor
from the EMD era to reconcile with the observations. On the
other hand, the EMD era also imprints unique features in the
GW spectra. Therefore, probing the light feebly interacting
DM and the measurement of the GW spectrum are strongly
correlated. In Fig. 2, we show the primordial GW spectra for
different parameters that are within the sensitivity of BBO

(blue dashed line) andCE (red dashed line) experiments. The
kinks of the primordial GW spectrum imply the onset and
end of the EMD era. Furthermore, one can infer the EOS
ω ¼ p=ρ during the earlyUniverse according to the slopes of
the kinks. As the lower kink frequency fðTRÞ only relies on
the decaywidth of moduli Γm, the locations of kinks at lower
frequencies are the same for the same decay width Γm.
However, the higher kink frequency fðTeqÞ and dilution
factorD are related to both the comoving energy density ϕm
and the decay width Γm of moduli. Additionally, they both
increase with the comoving energy density of moduli ϕm
increasing. Consequently, the GW spectrum has strong
dilution behavior, which is correlated with the light feebly
interacting DM mass through the observed relic density.
Provided that the GW spectrum can be exactly observed by
GW detectors, the light feebly interacting DM mass mχ can
also be accurately predicted in this scenario. Besides this, the
light feebly interacting DM and standard model particles in
the generalEMDeramodels can be simultaneously produced
by the long-lived parent particle decay at a collider. The long-
lived parent particle decay leads to various displaced collider
signals such as displaced vertices, displaced jets/leptons, and
stoppedparticle decays. Therefore, one can also infer theDM
mass from displaced signatures at the collider [20].

A. Benchmark model:
Supersymmetry DFSZ axion model

In the SUSY DFSZ axion model, the axino, the fer-
mionic superpartner of the axion, is a natural light feebly
interacting dark matter candidate. The axino would freeze
out at the cosmic temperature

Tf
ã ≈ 1010 GeV

�
VPQ

1012 GeV

�
2
�
1

αs

�
3

; ð18Þ

where VPQ is the PQ symmetry breaking scale, and αs is the
strong interaction coupling constant. When the reheating
temperature TI

R after inflation is larger than the axino
freeze-out temperature Tf

ã, the axino will be in thermal
equilibrium, and its thermal produced relic abundance is

Ωχh2 ¼
mãYãs0

ρc
h2; ð19Þ

with the axino yield

Yã ¼
135ζð3Þgã
8π4gsðTf

ãÞ
; ð20Þ

where gã ¼ 2 is the internal d.o.f. of the axino. The axino
abundance produced by thermal freeze-out will easily
overclose the Universe. Fortunately, there exists the saxion
(the real part of the axion field) in the SUSY DFSZ model.
The supersymmetry breaking provides the saxion field with

FIG. 2. The present-day primordial GWs spectra ΩGWh2 as a
function of the frequency. In both the upper and lower panels,
the solid lines illustrate the primordial GW spectra within the
EMD era induced by different relevant parameters, while the
purple dashed line represents that without the EMD era. The dot-
dashed lines show the sensitivity of various GW detectors, such
as SKA [79–81], BBO [75–77], and CE [74]. The upper (lower)
panel shows that the primordial GW spectra lie within the
sensitivity of BBO (CE).
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a large potential ρs ¼ m2
ss2I after inflation, which leads to

the EMD era in the Universe. The onset and end of the
EMD era induced by the saxion correspond to the cosmo-
logical temperatures TM and TRs:

TM ¼ 3

�
10

gρðTMÞπ2
�

1=4m1=2
s s2I
M3=2

Pl

; ð21Þ

TRs ¼
�

90

π2gρðTRsÞ
�

1=4 ffiffiffiffiffiffiffiffiffiffiffiffi
ΓsMPl

p
; ð22Þ

where ms and Γs are the mass and decay width of the
saxion, respectively. The EMD era will result in two kinks
on the primordial GW spectrum, corresponding to the
characteristic frequencies fðTMÞ and fðTRsÞ:

fðTRsÞ ¼
�
gsðT0Þ
gsðTRsÞ

�
1=3

�
gρðTRsÞ
gρðT0Þ

�
1=2

ð2Ω0
RÞ1=2

TRs

T0

fðT0Þ;

ð23Þ

fðTMÞ ¼
�
gρðTRsÞ
gρðTM

�−1=6�TM

TRs

�
2=3

fðTRsÞ: ð24Þ

After the end of the EMD era, an amount of entropy is
injected into the Universe and dilutes the overproduced
axino relic. The dilution effect can be described by the
dilution factor,

Ds ¼
�
9gρðTRsÞ
gρðTMÞ

�
1=4 m1=2

s s2Iffiffiffiffiffi
Γs

p
M2

Pl

: ð25Þ

With these in hand, we can calculate the primordial GW
spectrum in the SUSY DFSZ axion model, as shown in
Fig. 3. If these two kinks on the primordial GW spectrum
are fully detected by BBO or CE detectors, we can infer the
parameters related to the saxion according to the primordial
GW spectrum. For example, if the magenta line is observed
by the BBO detector, we can evaluate Γs ¼ 10−9 GeV and
sI ¼ 1017 GeV for a fixed saxion mass ms ¼ 1 TeV.
Under these parameters, the dilution factor D ≈ 1360
and the axino mass mã ≈ 326 keV are determined by the
dilution factor according to the observed DM abundance.

IV. CONCLUSIONS

The exploration of light feebly interacting DM is
challenging through traditional DM direct-detection experi-
ments due to its feeble interactions. However, gravitational
waves (GWs) offer a novel and complementary avenue for
probing the early Universe and searching for light feebly
interacting DM. This approach can be utilized in con-
junction with collider experiments and indirect/direct
detections. In particular, the entropy production period
plays a crucial role in addressing the overabundance of
thermally produced light feebly interacting DM relic
density. On the other hand, such an entropy production
period also leaves imprints on the primordial GW spectrum,
giving rise to distinct features characterized by two kinks
with the frequencies corresponding to the starting (Teq) and
ending (TR) temperatures of the entropy production period.
This is illustrated in our work by an EMD era induced by
the moduli.
The detection and characterization of these modified GW

spectra within the sensitivities of GW detectors such as
BBO and CE provide a unique opportunity to probe the
existence of light feebly interacting DM. The DM masses
mχ can be further inferred under the same set of parameters.
Moreover, with the continuous improvement in precision,
range, and sensitivity of GW detectors, as well as the
synergistic combination of different GW experiments, the
primordial GW spectrum can be measured more accurately
and extensively. Consequently, probing light feebly inter-
acting DM through the GW spectrum becomes a highly
promising avenue in the foreseeable future.

FIG. 3. The present-day primordial GWs spectra ΩGWh2 in the
SUSY DFSZ axion model as a function of the frequency. These
parameters related to the saxion are shown. In both the upper and
lower panels, the solid lines illustrate the primordial GW spectra
within the EMD era induced by different relevant parameters,
while the purple dashed line represents that without the EMD era.
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