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The association of Cepheid pulsation with traveling shocks and therefore X-ray non-thermal
emission has been postulated for decades. Here we report the possibly first evidence of shock-
accelerated GeV electrons emitted at the archetype classical Cepheid star 𝛿-Cep observed by
XMM-Newton and Chandra. We jointly analyse the XMM-Newton thermal and non-thermal
components of the time-resolved X-ray spectra prior to, during and after an X-ray enhancement. A
comparison of the time scales of the diffusive particle acceleration at shocks with energy loss time
scales is consistent with the scenario of a pulsation-driven shock wave traveling into the stellar
corona and accelerating electrons to ∼GeV energies and with Inverse Compton (IC) emission
from the UV stellar background leading to the observed X-ray enhancement. The index of the
non-thermal IC photon spectrum, assumed to be a simple power-law in the [1-8] keV energy
range, radially integrated within the shell [3 - 10] stellar radii, is consistent with an enhanced
X-ray spectrum powered by shock-accelerated electrons. A 100-fold amplification of the magnetic
field via turbulent dynamo at the shock propagating through density inhomogeneities in the
stellar corona would be required for the synchrotron emission to dominate over the IC; however,
such amplification is unlikely for the expected low Mach number shock produced. The lack of
time-correlation between radio synchrotron and stellar pulsation contributes to make synchrotron
emission as an unlikely mechanism for the flux enhancement. Current observations cannot rule
out a high-flux two-temperature thermal spectrum with a negligible non-thermal component.
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1. Introduction

The evidence of non-thermal X-ray emission from pulsation-driven shocks at Cepheids has
been uncertain for decades. We have analyzed XMM-Newton observations of a 4-fold enhancement
of the (0.3 − 2.5) keV X-ray flux from the archetype Cepheid 𝛿 Cep [1]. Soft X-ray emission from
gas heated by radiation-driven shock waves travelling into the gas at the base of stellar wind was
modeled by [2]. This mechanism was revised to interpret the hard X-ray [3] and 𝛾-ray emissions
[4] from OB supergiants as Inverse Compton (IC) emission from the UV field photons upscattered
by the shock-accelerated electrons.

Here we outline our recent analysis [5] of the thermal and possible non-thermal components of
the X-ray spectrum of 𝛿 Cep during the flux enhancements observed by XMM-Newton and Chandra
[1]. We have compared acceleration and energy loss time scales for electrons accelerated at the
pulsation-driven shocks to identify plausible mechanisms of non-thermal emission. We find that the
time scale of IC scattering of the UV photons from the stellar radiation field off the shock-accelerated
electrons could give rise to rapid non-thermal flux increases.

2. Analysis of X-rays observations

We have performed a new analysis of the XMM-Newton data [1], combining a thermal and a
power-law spectral model. We fitted separately the high-flux (f0.3−2.5 keV > 8 × 10−15 erg s−1 cm−2)
and the low-flux (f0.3−2.5 keV < 8 × 10−15 erg s−1 cm−2) observations.

For a one-temperature thermal spectral model, the X-ray flux above ∼ 1 keV is significantly
greater than the thermal flux and the spectrum can be fitted with a single power law in the range
[1 − 8] keV; details on the observation IDs and the exposure times can be found in [5].

Figure 1: Fit of all EPIC detectors (pn:black, MOS1:red, and MOS2:cyan) for the high-flux observation of
𝛿 Cepheid. Left: integrated X-ray spectrum, along with the best-fit model of two absorbed APEC components
(dashed-dotted line and dotted line, respectively) in the top panel, and fit residuals in terms of sigmas with
error bars of size 1𝜎 in the bottom panel. Right: same as left with the best-fit model of an absorbed APEC
component (dash-dotted line) and a power-law component (dotted line).

High-flux spectrum. In order to explore the contribution of a possible non-thermal component
at higher energies (>1.5 keV) we introduced a “broken power law” model (model in XSPEC:
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tbabs×(bknpower+apec)) where the power-law photon index Γ above a certain energy break 𝐸0

is positive (declining spectrum at large energy). The energy break and the power-law photon index
Γ for 𝐸 > 𝐸0 are frozen at 𝐸0 = 0.8 keV and Γ = 2.0 or 1.8 or 1.6, respectively. Such values are
consistent with the interpretation of a non-thermal emission originating from IC off the UV stellar
radiation field (see below). These fits include all EPIC detectors (pn, MOS1, MOS2). From the
best-fit model we find that the contribution of the non-thermal flux to the energy-integrated source
flux in the 0.3-10 keV band is as large as ∼30%. We present the results of the best-fit in Fig. 1.

Figure 2: Fit of all the low-flux pn observations shown in the colours black, red, cyan, and blue for OBSIDs
0723540301, 0723540401, 0603740901 and 0552410401, respectively. Left: the time-integrated X-ray
spectrum, along with the best-fit model of two thermal absorbed APEC components (dashed-dotted line and
dotted line) in the top panel. Fit residuals in terms of sigma with error bars of size 1𝜎 in the bottom panel.
Right: same as the left panel but excluding OBSID 0552410401 (blue datapoints).

Low-flux spectrum. In the left panel of Fig.2 we show the low-flux spectrum for all pn
observations in different colours. The observation 0552410401 (blue datapoints) appears to show
a harder spectrum based on the single data point above 3 keV. The observation 0552410401 is
likely not to belong with the low-flux observations, since it shows harder spectrum and higher
flux comparable to the high-flux observation. For that reason we performed separate spectral fits
including and not including observation 0552410401. The best-fit model (see Fig.2) for both cases
(including OBSID 0552410401: 𝜒2

a = 1.12, and excluding OBSID 0552410401: 𝜒2
a = 1.07) is

given by a two-component thermal plasma model (last two rows of Table 1).

The combined flux-spectrum analysis leads to conclude that a non-thermal component, although
not completely suppressed in the transition between the high- and low-flux state, is strongly reduced.
A non-thermal contribution might harden the low-flux spectrum via OBSID 0552410401. However,
since it contributes only one datapoint (∼ 5 keV) with relative large error in energy, its statistical
significance does not allow to firmly conclude that in the low-flux state the high-energy electron
population has completely cooled.
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Table 1: Best-fit parameters from spectral fitting of the high-flux and low-flux observations

Model kT1 normkT1 kT2 normkT2 normΓ 𝜒2 (dof) 𝜒2
a

keV ×10−4 keV ×10−5 ×104

High-flux

tb×(a+a) 0.11 ± 0.04 > 35.0 0.57+0.74
−0.27 2.4+13.6

−1.2 - 15.0 (19) 0.79

tb×(b+a) (Γ=2.0) 0.17 ± 0.03 8.7+17.6
−5.4 - - 1.2 ± 0.6 25.5 (20) 1.27

tb×(b+a) (Γ=1.8) 0.17 ± 0.03 8.9+16.4
−5.4 - - 0.9 ± 0.5 25.8 (20) 1.29

tb×(b+a) (Γ=1.6) 0.17 ± 0.03 8.9+15.2
−5.5 - - 0.6 ± 0.4 26.4 (20) 1.32

Low-flux

tb×(a+a)(incl.) 0.15+0.10
−0.06 > 2.3 0.62+0.85

−0.23 0.6+3.1
−0.2 - 33.58 (30) 1.12

tb×(a+a)(excl.) 0.14+0.09
−0.06 > 2.4 0.59+0.75

−0.22 0.7+2.3
−0.4 - 28.0 (26) 1.07

The normalisation of the APEC component is in units of 10−14

4𝜋𝐷2

∫
𝑛𝑒𝑛𝐻𝑑𝑉 where 𝑛𝑒 and 𝑛𝐻 are the

electron and hydrogen densities integrated over the volume V of the emitting region and D is the
distance to the source in cm. The normalisation of the power-law is in units of

photons keV−1 cm−2 s−1 at 1 keV. Here “tb” stands for 𝑡𝑏𝑎𝑏𝑠, “𝑏 + 𝑎” for 𝑏𝑘𝑛𝑝𝑜𝑤𝑒𝑟 + 𝑎𝑝𝑒𝑐,
“𝑎 + 𝑎” for 𝑎𝑝𝑒𝑐 + 𝑎𝑝𝑒𝑐 and “incl.” (“excl”) for include (exclude) observation 0552410401.

3. Scenario for the non-thermal emission at pulsation-driven shocks

We compared the time scale of electron acceleration at the pulsation-driven shocks with the
time scale of the radiative cooling and the non-thermal energy loss processes relevant to relativistic
electrons (Inverse Compton, synchrotron, bremsstrahlung, Coulomb losses) under the constraint
that these processes deplete the high-energy electron population on a time scale shorter than the
pulsation period 𝑡𝑝.

Cepheids exhibit two-component X-ray emission with shock waves being responsible for the
phase-dependent variable emission (phases 0.2–0.6) and with a separate mechanism being the
dominant source of emission for the “quiescent" phases, as concluded by [6]. In this scenario, the
shock heating acts on this preexisting hot plasma only in locally more rarefied wind regions.

We have introduced the scenario [5] shown in Fig.3 of a stellar pulse that is slowed down by the
inhomogeneities in the circumstellar medium; other regions of the pulse unimpeded by overdensities
expand and steepen into a travelling shock that heat/ionizes the medium. These latter regions of
mostly ionized coronal plasma are subsequently crossed by shock driven by the continuing stellar
pulsation.

4. Electron acceleration at pulsation-driven shocks

Generally, a higher acceleration rate at non-relativistic shocks is realized by a higher shock
speed, a stronger magnetic field B or a magnetically oblique shock [7, 8]. For the sake of simplicity
we apply here the linear version of diffusive shock acceleration (DSA) model to determine the
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Figure 3: Cartoon illustration of the pulsation-driven shocks propagating into the pre-ionized circumstellar
medium.

electron acceleration time scale 𝑡𝑎𝑐𝑐 [8]. For an electron of Lorentz factor 𝛾 at a shock moving
with speed 𝐶𝑟 in the stellar wind frame with an embedded magnetic field 𝐵 = |B|, 𝑡𝑎𝑐𝑐 can be
approximated as [9, 10]

𝑡𝑎𝑐𝑐 (𝛾) ≃ 1.83
3𝑟2

𝑟 − 1
𝐷0(𝛾)
𝐶2
𝑟

= 2.4 × 10−4d
𝑟2𝑘0
𝑟 − 1

0.01𝐺
𝐵(3 𝑅★)

(
200𝑘𝑚/𝑠
𝐶𝑟 (𝑅)

)2
𝛾2 − 1
𝛾

(
𝑅

3 𝑅★

)3
(1)

where 𝑟 is the density compression at the shock, 𝐷0(𝛾) is the spatial diffusion coefficient for an
isotropic upstream turbulence, and 𝑘0 = 𝐷0/𝐷𝐵, assumed to be equal upstream and downstream
[9], where 𝐷𝐵 is the Bohm diffusion coefficient at the electron Lorentz factor 𝛾. Due to the dipole-
like scaling of the magnetic field with the astrocentric distance, i.e., 𝐵 ≃ 𝑅−3, the acceleration rate
declines rapidly outward from the star, thereby constraining an X-ray emission on a scales shorter
than the pulsation period 𝑡𝑝 ∼ 5 days to region very close to the star (𝑅 < 10 𝑅★).

As for the turbulence effect in the shocked region, 𝑡𝑎𝑐𝑐 depends on the geometry of the upstream
magnetic field B, i.e., if B is parallel or perpendicular to the shock normal (see Fig.4). For weak
turbulence (far from Bohm regime), it holds that 𝑘0 ≫ 1 (𝑘0 ≪ 1) for shocks in quasi-parallel (or
quasi-perpendicular) geometry [e.g., 11]; for strong turbulence (Bohm regime), the total (average +
turbulent) magnetic field is nearly isotropic (𝑘0 ≃ 1, blue curve in Fig.4). For a quasi-perpendicular
shock the acceleration rate has been long known to be higher [7, 12]. A 100-fold amplification of the
magnetic field via turbulent dynamo [13] at the shock propagating through density inhomogeneities
in the stellar corona [13] would be required for the synchrotron emission to dominate over the IC;
however, such amplification is unlikely for the expected low Mach number.

5



P
o
S
(
I
C
R
C
2
0
2
3
)
1
0
6

Modeling non-thermal X-rays in Cepheids Federico Fraschetti

T
im

e
 (

d
a
y
)

Electron kinetic energy (keV)

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

R = 3 R*

Shock-acceleration

Bohm lim
it

strong turbulence weak turbulence
quasi-perpendicular shock

weak turbulence
quasi-parallel shock

Cepheid pulsation

Figure 4: For energetic electrons accelerated at a shock (𝑟 = 4) travelling through the stellar corona, the time
scales for the non-thermal energy losses (bremsstrahlung, IC 𝑡𝑇

𝐼𝐶
in Thomson and Klein-Nishima regimes),

Coulomb, synchrotron), non-radiative shock acceleration 𝑡𝑎𝑐𝑐 (in blue, Bohm regime, or strong magnetic
turbulence, i.e., 𝑘0 = 1) and thermal radiative cooling 𝑡𝑟𝑎𝑑 are compared with the estimated 𝛿 Cep pulsation
period 𝑡𝑝 (black horizontal line). The shaded blue (blank) area below (above) the blue curve corresponds to
the case 𝑘0 < 1 (𝑘0 > 1), i.e., weak turbulence at quasi-perpendicular (quasi-parallel) magnetic obliquity.
The grey shaded area (𝑡 > 𝑡𝑝) is ruled out by X-ray observations. Here we used shock speed 𝐶𝑟 = 200 km/s
[6], 𝑛𝑖 (3 𝑅★) = 109 cm−3, 𝑛𝐻 (3 𝑅★) = 109 cm−3 and 𝐵(3 𝑅★) = 0.01 G.

5. Energy losses via Inverse Compton Scattering off the UV stellar background

We proposed [5] that the non-thermal enhanced X-ray emission in 𝛿−Cep originates from UV
(∼ 1−100 eV) stellar wind photons upscattered into X-ray band by the IC over the shock-accelerated
electrons, as proposed by [3] for OB supergiants. The target UV photon population within the
photosphere/corona is assumed to be isotropic in the frame of the plasma flowing downstream of
the shock, i.e., Doppler effect is negligible for a shock speed 𝐶𝑟 ≃ 200 km/s. The population of
shock-accelerated electrons is also isotropic in the plasma frame at that shock speed.

In the Thomson limit (assuming 5 eV initial photon UV energy), the IC loss time scale at
distance 𝑅 from the stellar surface is

𝑡𝑇𝐼𝐶 (𝛾) =
1.3 × 103 d

𝛾

(
6, 000𝐾
𝑇★

)4 (
𝑅

3𝑅★

)2
. (2)

where we have used for the 𝛿 Cep stellar surface temperature 𝑇★ ∼ 6, 000 K and the factor (𝑅/𝑅★)2

accounts for the scaling of the UV photon energy density integrated over all frequencies (see the
orange curve in Fig.4 for 𝑡𝑇

𝐼𝐶
(𝛾)). This curve intersects 𝑡𝑎𝑐𝑐 and 𝑡𝑝 (black line) at the smallest

energy (∼GeV) making it the most efficient loss process.

6. IC Photon energy spectrum through the stellar corona

By approximating the differential electron spectrum 𝑑𝑁/𝑑𝛾 as a power law, i.e., 𝑑𝑁/𝑑𝛾 = 𝐶𝛾−𝛿

with a normalization constant 𝐶, we calculate the observed photon spectrum by folding 𝑑𝑁/𝑑𝛾
with the single electron IC power off the photon blackbody distribution in the stellar wind [5].
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The UV radiation field scattered photons and the energetic electrons are assumed to be isotrop-
ically distributed; if isotropy of electrons is not altered to the lowest order by the slow wind motion,
the radially expanding wind UV field has to be isotropic [3]. In the Thomson scattering limit, the
IC scattered power per unit of volume and energy can be written as [eq. 7.31, 14]

𝑑𝐸

𝑑𝑉𝑑𝑡 𝑑𝜖1
=

3𝜋𝜎𝑇𝐶
ℎ3𝑐2 �̄� (𝛿) (𝑘𝐵𝑇) (𝛿+5)/2𝐸− 𝛿−1

2 , (3)

where 𝜎𝑇 is the Thomson cross-section, ℎ the Planck constant and �̄� (𝛿) ≃ 1. Due to the scaling of
the wind temperature 𝑇 (𝑅) = 𝑇 (𝑅★) (𝑅★/𝑅)1/2, the photon flux per unit of energy emitted during
the shock expansion between two radii 𝑅𝑖 and 𝑅 𝑓 can be recast as

𝐹 (𝐸 ; 𝑅 𝑓 , 𝑅𝑖) =
1
𝐸

∫ 𝑅 𝑓

𝑅𝑖

𝑑𝐸

𝑑𝑉𝑑𝑡 𝑑𝜖1

(
𝑅

𝑑

)2
𝑑𝑅 =

3𝜋𝜎𝑇𝐶
ℎ3𝑐2 �̄� (𝛿) (𝑘𝐵𝑇)

𝛿+5
2
𝑅3
★

𝑑2
4

7 − 𝛿

(
𝑅 𝑓

𝑅𝑖

) (7−𝛿 )/4
𝐸− 𝛿+1

2

∝ 𝐸− 𝛿+1
2 [ photons

cm2 s keV
] (4)

where 𝑑 is the Cepheid-Earth distance.
Thus, for a flux per unit energy 𝐹 (𝐸 ; 𝑅 𝑓 , 𝑅𝑖) fitted by the non-thermal power law component

with index Γ (see Sect.2), the power law index of the electrons energy distribution is 𝛿 = 2(Γ−1) +1
[14]. In table 2 a value Γ ∼ 1.6 (𝛿 = 2.2) leads to 𝜒2 = 1.32. The linear DSA links the electron
spectral index of the phase space distribution function 𝑠 (𝑠 = 𝛿 + 2) with the assumed energy-
independent shock density compression 𝑟 = 𝑠/(𝑠 − 3) ∼ 2.5 (and 𝑟 = 3.5 for 𝛿 = 2.2). For
radiative shocks the density compression depends on the electron energy because the thickness
of the downstream cooling region is greater for higher electron energy [e.g., 15]. This effect is
neglected herein due to the near-balance of the cooling with the IC time scale shown in Fig. 4.

7. Conclusion

We have outlined the recent work [5] on 1) an updated spectral fit of the thermal/non-thermal
components of the enhanced X-ray emission observed by XMM-Newton in 𝛿 Cep [1] and 2) a
scenario of pulsation-driven shocks travelling through pre-ionization stellar corona and efficiently
accelerating electrons to multi-GeV. Our analytic analysis, combined with previous hydrodynamic
simulations [6], suggests that IC over the UV background stellar field dominates the energy losses.
The lack of periodic radio counterpart associated with stellar pulsation [16] supports this scenario.
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