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Thermal relic dark matter below ∼ 10 GeV is excluded by cosmic microwave background data if
its annihilation to visible particles is unsuppressed near the epoch of recombination. Usual model-
building measures to avoid this bound involve kinematically suppressing the annihilation rate in
the low-velocity limit, thereby yielding dim prospects for indirect detection signatures at late times.
In this work, we investigate a class of cosmologically-viable sub-GeV thermal relics with late-time
annihilation rates that are detectable with existing and proposed telescopes across a wide range of
parameter space. We study a representative model of inelastic dark matter featuring a stable state χ1

and a slightly heavier excited state χ2 whose abundance is thermally depleted before recombination.
Since the kinetic energy of dark matter in the Milky Way is much larger than it is during recom-
bination, χ1χ1 → χ2χ2 upscattering can efficiently regenerate a cosmologically long-lived Galactic
population of χ2, whose subsequent coannihilations with χ1 give rise to observable gamma-rays in
the ∼ 1 MeV − 100 MeV energy range. We find that proposed MeV gamma-ray telescopes, such as
e-ASTROGAM, AMEGO, and MAST, would be sensitive to much of the thermal relic parameter
space in this class of models and thereby enable both discovery and model discrimination in the
event of a signal at accelerator or direct detection experiments.

I. INTRODUCTION

Light dark matter (DM) has received much attention
over the past decade as new terrestrial experiments have
been proposed to vastly expand laboratory sensitivity
to new physics below the electroweak scale – for re-
views, see Refs. [1, 2]. Amongst the various possibilities,
MeV−GeV scale DM in the form of a light thermal relic is
especially motivated by basic principles of early-Universe
thermodynamics and known examples within the Stan-
dard Model (SM) [3].

Thermal DM is in equilibrium with the visible sec-
tor at early times and later freezes out after becom-
ing non-relativistic, such that number-changing reactions
occur less than once per Hubble time. Although such
reactions remain out of equilibrium, rare annihilation
events can continue to inject energy into the SM plasma.
For instance, DM annihilations into electromagnetically-
charged particles can persist between recombination and
reionization, yielding observable distortions in the tem-
perature anisotropies of the cosmic microwave back-
ground (CMB). The lack of such deviations sharply con-
strains some of the most predictive and well-motivated
freeze-out models [4, 5]. This limit can be phrased in
terms of the thermally-averaged annihilation cross sec-
tion ⟨σv⟩ to visible states, which at the time of recombi-
nation is constrained by the Planck satellite at the level
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of [6]

⟨σv⟩cmb ≲ 3× 10−26 cm3 s−1

(
mDM

10 GeV

)
, (1)

where mDM is the DM mass. Since standard thermal
DM predicts ⟨σv⟩ ∼ 10−26 cm3 s−1 at the time of freeze-
out when the DM was quasi-relativistic, models involv-
ing annihilations to visible final states with velocity-
independent (s-wave) cross sections are excluded for
masses below ∼ 10 GeV.

Of course, this cross section needs not be velocity-
independent, and the CMB bound is naturally evaded
in models where the annihilation rate is suppressed by
the small DM velocity v during recombination. For ex-
ample, in models with p-wave annihilation, ⟨σv⟩ ∝ v2,
so that this rate is significantly smaller at later times
when DM is highly non-relativistic. However, this ap-
proach1 also severely diminishes the prospects for indi-
rect detection in the Galaxy, since the local annihilation
rate is suppressed by the small virial velocity v ∼ 10−3,
resulting in σv < 10−30 cm3 s−1 for standard thermal
relics. Since such small cross sections are beyond the
reach of any near-future probe (see Refs. [13, 14] and ref-
erences therein), there is strong motivation to identify
well-motivated and testable targets for indirect detection
in the MeV − GeV mass range.

1 Although larger Galactic annihilation rates can arise in other
models of thermal relics involving resonant [7–9] or forbidden
annihilations [10–12], this is typically promising only when the
relative mass-splitting between various dark sector states is fixed
to a special value, corresponding to a strong tuning between mass
scales that are related to independent model parameters.
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<latexit sha1_base64="dPEo5y0HZ7oqi4ggx1fl5oe+H28=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2aVD3vN75YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzByqejuA=</latexit>�1

<latexit sha1_base64="jdMFPb9d02B60fn54bwExRQB7OY=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66RmlwxZr9orlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaCy8rF/Xm5dpPHUYBjOIEzCOAKanAHdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ACwijuE=</latexit>�2

<latexit sha1_base64="jdMFPb9d02B60fn54bwExRQB7OY=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66RmlwxZr9orlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaCy8rF/Xm5dpPHUYBjOIEzCOAKanAHdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ACwijuE=</latexit>�2

<latexit sha1_base64="dPEo5y0HZ7oqi4ggx1fl5oe+H28=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2aVD3vN75YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzByqejuA=</latexit>�1

<latexit sha1_base64="dPEo5y0HZ7oqi4ggx1fl5oe+H28=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2aVD3vN75YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzByqejuA=</latexit>�1
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<latexit sha1_base64="YY8wWmz3wXN1KBipZJcUyqO+8Uo=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSAz3tlspuxZ2CLBIvJ2XIUeuWvjq9mKURV8gkNabtuQn6GdUomOTjYic1PKFsSPu8bamiETd+Nr10TI6t0iNhrG0pJFP190RGI2NGUWA7I4oDM+9NxP+8dorhtZ8JlaTIFZstClNJMCaTt0lPaM5QjiyhTAt7K2EDqilDG07RhuDNv7xIGmcV77JycX9ert7kcRTgEI7gBDy4gircQQ3qwCCEZ3iFN2fovDjvzsesdcnJZw7gD5zPHyoVjSI=</latexit>

a)
<latexit sha1_base64="8iGUquLo+sLoBk+jfr8+DCynxdA=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSQ3DaLZXdijsFWSReTsqQo9YtfXV6MUsjrpBJakzbcxP0M6pRMMnHxU5qeELZkPZ521JFI278bHrpmBxbpUfCWNtSSKbq74mMRsaMosB2RhQHZt6biP957RTDaz8TKkmRKzZbFKaSYEwmb5Oe0JyhHFlCmRb2VsIGVFOGNpyiDcGbf3mRNM4q3mXl4v68XL3J4yjAIRzBCXhwBVW4gxrUgUEIz/AKb87QeXHenY9Z65KTzxzAHzifPyuajSM=</latexit>

b)
<latexit sha1_base64="pk74v6eWqrYVthxRckPde2CCbIc=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSAzvtlspuxZ2CLBIvJ2XIUeuWvjq9mKURV8gkNabtuQn6GdUomOTjYic1PKFsSPu8bamiETd+Nr10TI6t0iNhrG0pJFP190RGI2NGUWA7I4oDM+9NxP+8dorhtZ8JlaTIFZstClNJMCaTt0lPaM5QjiyhTAt7K2EDqilDG07RhuDNv7xIGmcV77JycX9ert7kcRTgEI7gBDy4gircQQ3qwCCEZ3iFN2fovDjvzsesdcnJZw7gD5zPHy0fjSQ=</latexit>

c)

<latexit sha1_base64="dPEo5y0HZ7oqi4ggx1fl5oe+H28=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2aVD3vN75YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzByqejuA=</latexit>�1

<latexit sha1_base64="jdMFPb9d02B60fn54bwExRQB7OY=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66RmlwxZr9orlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaCy8rF/Xm5dpPHUYBjOIEzCOAKanAHdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ACwijuE=</latexit>�2

<latexit sha1_base64="jdMFPb9d02B60fn54bwExRQB7OY=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66RmlwxZr9orlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaCy8rF/Xm5dpPHUYBjOIEzCOAKanAHdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ACwijuE=</latexit>�2
<latexit sha1_base64="dPEo5y0HZ7oqi4ggx1fl5oe+H28=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2aVD3vN75YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzByqejuA=</latexit>�1

<latexit sha1_base64="jdMFPb9d02B60fn54bwExRQB7OY=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66RmlwxZr9orlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaCy8rF/Xm5dpPHUYBjOIEzCOAKanAHdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ACwijuE=</latexit>�2

<latexit sha1_base64="jdMFPb9d02B60fn54bwExRQB7OY=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66RmlwxZr9orlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaCy8rF/Xm5dpPHUYBjOIEzCOAKanAHdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ACwijuE=</latexit>�2

<latexit sha1_base64="dPEo5y0HZ7oqi4ggx1fl5oe+H28=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2aVD3vN75YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzByqejuA=</latexit>�1

<latexit sha1_base64="dPEo5y0HZ7oqi4ggx1fl5oe+H28=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2aVD3vN75YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzByqejuA=</latexit>�1
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<latexit sha1_base64="YY8wWmz3wXN1KBipZJcUyqO+8Uo=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSAz3tlspuxZ2CLBIvJ2XIUeuWvjq9mKURV8gkNabtuQn6GdUomOTjYic1PKFsSPu8bamiETd+Nr10TI6t0iNhrG0pJFP190RGI2NGUWA7I4oDM+9NxP+8dorhtZ8JlaTIFZstClNJMCaTt0lPaM5QjiyhTAt7K2EDqilDG07RhuDNv7xIGmcV77JycX9ert7kcRTgEI7gBDy4gircQQ3qwCCEZ3iFN2fovDjvzsesdcnJZw7gD5zPHyoVjSI=</latexit>

a)
<latexit sha1_base64="8iGUquLo+sLoBk+jfr8+DCynxdA=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSQ3DaLZXdijsFWSReTsqQo9YtfXV6MUsjrpBJakzbcxP0M6pRMMnHxU5qeELZkPZ521JFI278bHrpmBxbpUfCWNtSSKbq74mMRsaMosB2RhQHZt6biP957RTDaz8TKkmRKzZbFKaSYEwmb5Oe0JyhHFlCmRb2VsIGVFOGNpyiDcGbf3mRNM4q3mXl4v68XL3J4yjAIRzBCXhwBVW4gxrUgUEIz/AKb87QeXHenY9Z65KTzxzAHzifPyuajSM=</latexit>

b)
<latexit sha1_base64="pk74v6eWqrYVthxRckPde2CCbIc=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSAzvtlspuxZ2CLBIvJ2XIUeuWvjq9mKURV8gkNabtuQn6GdUomOTjYic1PKFsSPu8bamiETd+Nr10TI6t0iNhrG0pJFP190RGI2NGUWA7I4oDM+9NxP+8dorhtZ8JlaTIFZstClNJMCaTt0lPaM5QjiyhTAt7K2EDqilDG07RhuDNv7xIGmcV77JycX9ert7kcRTgEI7gBDy4gircQQ3qwCCEZ3iFN2fovDjvzsesdcnJZw7gD5zPHy0fjSQ=</latexit>

c)

<latexit sha1_base64="dPEo5y0HZ7oqi4ggx1fl5oe+H28=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2aVD3vN75YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzByqejuA=</latexit>�1

<latexit sha1_base64="jdMFPb9d02B60fn54bwExRQB7OY=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66RmlwxZr9orlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaCy8rF/Xm5dpPHUYBjOIEzCOAKanAHdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ACwijuE=</latexit>�2

<latexit sha1_base64="jdMFPb9d02B60fn54bwExRQB7OY=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66RmlwxZr9orlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaCy8rF/Xm5dpPHUYBjOIEzCOAKanAHdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ACwijuE=</latexit>�2
<latexit sha1_base64="dPEo5y0HZ7oqi4ggx1fl5oe+H28=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2aVD3vN75YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzByqejuA=</latexit>�1

<latexit sha1_base64="jdMFPb9d02B60fn54bwExRQB7OY=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66RmlwxZr9orlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaCy8rF/Xm5dpPHUYBjOIEzCOAKanAHdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ACwijuE=</latexit>�2

<latexit sha1_base64="jdMFPb9d02B60fn54bwExRQB7OY=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66RmlwxZr9orlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaCy8rF/Xm5dpPHUYBjOIEzCOAKanAHdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ACwijuE=</latexit>�2

<latexit sha1_base64="dPEo5y0HZ7oqi4ggx1fl5oe+H28=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2aVD3vN75YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzByqejuA=</latexit>�1

<latexit sha1_base64="dPEo5y0HZ7oqi4ggx1fl5oe+H28=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2aVD3vN75YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzByqejuA=</latexit>�1
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<latexit sha1_base64="YY8wWmz3wXN1KBipZJcUyqO+8Uo=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSAz3tlspuxZ2CLBIvJ2XIUeuWvjq9mKURV8gkNabtuQn6GdUomOTjYic1PKFsSPu8bamiETd+Nr10TI6t0iNhrG0pJFP190RGI2NGUWA7I4oDM+9NxP+8dorhtZ8JlaTIFZstClNJMCaTt0lPaM5QjiyhTAt7K2EDqilDG07RhuDNv7xIGmcV77JycX9ert7kcRTgEI7gBDy4gircQQ3qwCCEZ3iFN2fovDjvzsesdcnJZw7gD5zPHyoVjSI=</latexit>

a)
<latexit sha1_base64="8iGUquLo+sLoBk+jfr8+DCynxdA=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSQ3DaLZXdijsFWSReTsqQo9YtfXV6MUsjrpBJakzbcxP0M6pRMMnHxU5qeELZkPZ521JFI278bHrpmBxbpUfCWNtSSKbq74mMRsaMosB2RhQHZt6biP957RTDaz8TKkmRKzZbFKaSYEwmb5Oe0JyhHFlCmRb2VsIGVFOGNpyiDcGbf3mRNM4q3mXl4v68XL3J4yjAIRzBCXhwBVW4gxrUgUEIz/AKb87QeXHenY9Z65KTzxzAHzifPyuajSM=</latexit>

b)
<latexit sha1_base64="pk74v6eWqrYVthxRckPde2CCbIc=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSAzvtlspuxZ2CLBIvJ2XIUeuWvjq9mKURV8gkNabtuQn6GdUomOTjYic1PKFsSPu8bamiETd+Nr10TI6t0iNhrG0pJFP190RGI2NGUWA7I4oDM+9NxP+8dorhtZ8JlaTIFZstClNJMCaTt0lPaM5QjiyhTAt7K2EDqilDG07RhuDNv7xIGmcV77JycX9ert7kcRTgEI7gBDy4gircQQ3qwCCEZ3iFN2fovDjvzsesdcnJZw7gD5zPHy0fjSQ=</latexit>

c)

<latexit sha1_base64="dPEo5y0HZ7oqi4ggx1fl5oe+H28=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2aVD3vN75YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzByqejuA=</latexit>�1

<latexit sha1_base64="jdMFPb9d02B60fn54bwExRQB7OY=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66RmlwxZr9orlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaCy8rF/Xm5dpPHUYBjOIEzCOAKanAHdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ACwijuE=</latexit>�2

<latexit sha1_base64="jdMFPb9d02B60fn54bwExRQB7OY=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66RmlwxZr9orlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaCy8rF/Xm5dpPHUYBjOIEzCOAKanAHdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ACwijuE=</latexit>�2
<latexit sha1_base64="dPEo5y0HZ7oqi4ggx1fl5oe+H28=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2aVD3vN75YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzByqejuA=</latexit>�1

<latexit sha1_base64="jdMFPb9d02B60fn54bwExRQB7OY=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66RmlwxZr9orlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaCy8rF/Xm5dpPHUYBjOIEzCOAKanAHdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ACwijuE=</latexit>�2

<latexit sha1_base64="jdMFPb9d02B60fn54bwExRQB7OY=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66RmlwxZr9orlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaCy8rF/Xm5dpPHUYBjOIEzCOAKanAHdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ACwijuE=</latexit>�2

<latexit sha1_base64="dPEo5y0HZ7oqi4ggx1fl5oe+H28=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2aVD3vN75YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzByqejuA=</latexit>�1

<latexit sha1_base64="dPEo5y0HZ7oqi4ggx1fl5oe+H28=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2aVD3vN75YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzByqejuA=</latexit>�1
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<latexit sha1_base64="YY8wWmz3wXN1KBipZJcUyqO+8Uo=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSAz3tlspuxZ2CLBIvJ2XIUeuWvjq9mKURV8gkNabtuQn6GdUomOTjYic1PKFsSPu8bamiETd+Nr10TI6t0iNhrG0pJFP190RGI2NGUWA7I4oDM+9NxP+8dorhtZ8JlaTIFZstClNJMCaTt0lPaM5QjiyhTAt7K2EDqilDG07RhuDNv7xIGmcV77JycX9ert7kcRTgEI7gBDy4gircQQ3qwCCEZ3iFN2fovDjvzsesdcnJZw7gD5zPHyoVjSI=</latexit>

a)
<latexit sha1_base64="8iGUquLo+sLoBk+jfr8+DCynxdA=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSQ3DaLZXdijsFWSReTsqQo9YtfXV6MUsjrpBJakzbcxP0M6pRMMnHxU5qeELZkPZ521JFI278bHrpmBxbpUfCWNtSSKbq74mMRsaMosB2RhQHZt6biP957RTDaz8TKkmRKzZbFKaSYEwmb5Oe0JyhHFlCmRb2VsIGVFOGNpyiDcGbf3mRNM4q3mXl4v68XL3J4yjAIRzBCXhwBVW4gxrUgUEIz/AKb87QeXHenY9Z65KTzxzAHzifPyuajSM=</latexit>

b)
<latexit sha1_base64="pk74v6eWqrYVthxRckPde2CCbIc=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSAzvtlspuxZ2CLBIvJ2XIUeuWvjq9mKURV8gkNabtuQn6GdUomOTjYic1PKFsSPu8bamiETd+Nr10TI6t0iNhrG0pJFP190RGI2NGUWA7I4oDM+9NxP+8dorhtZ8JlaTIFZstClNJMCaTt0lPaM5QjiyhTAt7K2EDqilDG07RhuDNv7xIGmcV77JycX9ert7kcRTgEI7gBDy4gircQQ3qwCCEZ3iFN2fovDjvzsesdcnJZw7gD5zPHy0fjSQ=</latexit>

c)

<latexit sha1_base64="dPEo5y0HZ7oqi4ggx1fl5oe+H28=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2aVD3vN75YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzByqejuA=</latexit>�1

<latexit sha1_base64="jdMFPb9d02B60fn54bwExRQB7OY=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66RmlwxZr9orlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaCy8rF/Xm5dpPHUYBjOIEzCOAKanAHdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ACwijuE=</latexit>�2

<latexit sha1_base64="jdMFPb9d02B60fn54bwExRQB7OY=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66RmlwxZr9orlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaCy8rF/Xm5dpPHUYBjOIEzCOAKanAHdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ACwijuE=</latexit>�2
<latexit sha1_base64="dPEo5y0HZ7oqi4ggx1fl5oe+H28=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2aVD3vN75YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzByqejuA=</latexit>�1

<latexit sha1_base64="jdMFPb9d02B60fn54bwExRQB7OY=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66RmlwxZr9orlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaCy8rF/Xm5dpPHUYBjOIEzCOAKanAHdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ACwijuE=</latexit>�2

<latexit sha1_base64="jdMFPb9d02B60fn54bwExRQB7OY=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66RmlwxZr9orlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaCy8rF/Xm5dpPHUYBjOIEzCOAKanAHdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ACwijuE=</latexit>�2

<latexit sha1_base64="dPEo5y0HZ7oqi4ggx1fl5oe+H28=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2aVD3vN75YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzByqejuA=</latexit>�1

<latexit sha1_base64="dPEo5y0HZ7oqi4ggx1fl5oe+H28=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2aVD3vN75YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzByqejuA=</latexit>�1
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<latexit sha1_base64="YY8wWmz3wXN1KBipZJcUyqO+8Uo=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSAz3tlspuxZ2CLBIvJ2XIUeuWvjq9mKURV8gkNabtuQn6GdUomOTjYic1PKFsSPu8bamiETd+Nr10TI6t0iNhrG0pJFP190RGI2NGUWA7I4oDM+9NxP+8dorhtZ8JlaTIFZstClNJMCaTt0lPaM5QjiyhTAt7K2EDqilDG07RhuDNv7xIGmcV77JycX9ert7kcRTgEI7gBDy4gircQQ3qwCCEZ3iFN2fovDjvzsesdcnJZw7gD5zPHyoVjSI=</latexit>

a)
<latexit sha1_base64="8iGUquLo+sLoBk+jfr8+DCynxdA=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSQ3DaLZXdijsFWSReTsqQo9YtfXV6MUsjrpBJakzbcxP0M6pRMMnHxU5qeELZkPZ521JFI278bHrpmBxbpUfCWNtSSKbq74mMRsaMosB2RhQHZt6biP957RTDaz8TKkmRKzZbFKaSYEwmb5Oe0JyhHFlCmRb2VsIGVFOGNpyiDcGbf3mRNM4q3mXl4v68XL3J4yjAIRzBCXhwBVW4gxrUgUEIz/AKb87QeXHenY9Z65KTzxzAHzifPyuajSM=</latexit>

b)
<latexit sha1_base64="pk74v6eWqrYVthxRckPde2CCbIc=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSAzvtlspuxZ2CLBIvJ2XIUeuWvjq9mKURV8gkNabtuQn6GdUomOTjYic1PKFsSPu8bamiETd+Nr10TI6t0iNhrG0pJFP190RGI2NGUWA7I4oDM+9NxP+8dorhtZ8JlaTIFZstClNJMCaTt0lPaM5QjiyhTAt7K2EDqilDG07RhuDNv7xIGmcV77JycX9ert7kcRTgEI7gBDy4gircQQ3qwCCEZ3iFN2fovDjvzsesdcnJZw7gD5zPHy0fjSQ=</latexit>

c)

<latexit sha1_base64="dPEo5y0HZ7oqi4ggx1fl5oe+H28=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2aVD3vN75YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzByqejuA=</latexit>�1

<latexit sha1_base64="jdMFPb9d02B60fn54bwExRQB7OY=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66RmlwxZr9orlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaCy8rF/Xm5dpPHUYBjOIEzCOAKanAHdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ACwijuE=</latexit>�2

<latexit sha1_base64="jdMFPb9d02B60fn54bwExRQB7OY=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66RmlwxZr9orlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaCy8rF/Xm5dpPHUYBjOIEzCOAKanAHdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ACwijuE=</latexit>�2
<latexit sha1_base64="dPEo5y0HZ7oqi4ggx1fl5oe+H28=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2aVD3vN75YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzByqejuA=</latexit>�1

<latexit sha1_base64="jdMFPb9d02B60fn54bwExRQB7OY=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66RmlwxZr9orlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaCy8rF/Xm5dpPHUYBjOIEzCOAKanAHdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ACwijuE=</latexit>�2

<latexit sha1_base64="jdMFPb9d02B60fn54bwExRQB7OY=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYSa4HYNePEYwCyRD6On0JG16Gbp7hDDkH7x4UMSr/+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBpVKoJbRDFlW5H2FDOJG1YZjltJ5piEXHaika3U7/1RLVhSj7YcUJDgQeSxYxg66RmlwxZr9orlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSrFaCy8rF/Xm5dpPHUYBjOIEzCOAKanAHdWgAgUd4hld485T34r17H/PWFS+fOYI/8D5/ACwijuE=</latexit>�2

<latexit sha1_base64="dPEo5y0HZ7oqi4ggx1fl5oe+H28=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2aVD3vN75YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzByqejuA=</latexit>�1

<latexit sha1_base64="dPEo5y0HZ7oqi4ggx1fl5oe+H28=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2aVD3vN75YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzByqejuA=</latexit>�1
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<latexit sha1_base64="YY8wWmz3wXN1KBipZJcUyqO+8Uo=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSAz3tlspuxZ2CLBIvJ2XIUeuWvjq9mKURV8gkNabtuQn6GdUomOTjYic1PKFsSPu8bamiETd+Nr10TI6t0iNhrG0pJFP190RGI2NGUWA7I4oDM+9NxP+8dorhtZ8JlaTIFZstClNJMCaTt0lPaM5QjiyhTAt7K2EDqilDG07RhuDNv7xIGmcV77JycX9ert7kcRTgEI7gBDy4gircQQ3qwCCEZ3iFN2fovDjvzsesdcnJZw7gD5zPHyoVjSI=</latexit>

a)
<latexit sha1_base64="8iGUquLo+sLoBk+jfr8+DCynxdA=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSQ3DaLZXdijsFWSReTsqQo9YtfXV6MUsjrpBJakzbcxP0M6pRMMnHxU5qeELZkPZ521JFI278bHrpmBxbpUfCWNtSSKbq74mMRsaMosB2RhQHZt6biP957RTDaz8TKkmRKzZbFKaSYEwmb5Oe0JyhHFlCmRb2VsIGVFOGNpyiDcGbf3mRNM4q3mXl4v68XL3J4yjAIRzBCXhwBVW4gxrUgUEIz/AKb87QeXHenY9Z65KTzxzAHzifPyuajSM=</latexit>

b)
<latexit sha1_base64="pk74v6eWqrYVthxRckPde2CCbIc=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSAzvtlspuxZ2CLBIvJ2XIUeuWvjq9mKURV8gkNabtuQn6GdUomOTjYic1PKFsSPu8bamiETd+Nr10TI6t0iNhrG0pJFP190RGI2NGUWA7I4oDM+9NxP+8dorhtZ8JlaTIFZstClNJMCaTt0lPaM5QjiyhTAt7K2EDqilDG07RhuDNv7xIGmcV77JycX9ert7kcRTgEI7gBDy4gircQQ3qwCCEZ3iFN2fovDjvzsesdcnJZw7gD5zPHy0fjSQ=</latexit>
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FIG. 1: A timeline of key events in the cosmic history of iDM. At early times, coannihilations χ1χ2 → SM SM
freeze out at a temperature much greater than the mass-splitting Tfo ≫ δ, leaving behind roughly equal χ1,2 popu-
lations with a χ2 number fraction f2 = n2/(n1 + n2) ≃ 1/2. After freeze-out, χ2 continues to be depleted through
DM-SM and DM-DM scattering. DM-SM scattering additionally keeps the dark sector in kinetic equilibrium with
the SM until decoupling at a temperature of Tkd. At later times, the heavier state continues to be depleted more
rapidly through χ2χ2 → χ1χ1 downscattering until decoupling at a DM temperature of T dec

χ , such that the pri-
mordial fraction of excited states is exponentially suppressed at the time of recombination. As a result, CMB limits
on DM annihilations are easily evaded. At much later times, the virialization of DM in the Milky Way increases its
velocity, such that χ1χ1 → χ2χ2 upscattering partially restores the abundance of long-lived heavier states and en-
hances the coannihilation rate compared to its average cosmological value (red line). This increase implies a local
enhancement of χ1χ2 → SM SM in the Milky Way whenever the effective Galactic temperature of DM satisfies
Tmw ≳ T dec

χ . If the χ2 population becomes appreciable in the Galaxy, then χ1χ2 → χ1χ2 elastic scattering can also
play an important role in Galaxy evolution.

An alternative approach to evading the CMB limit on
sub-GeV thermal DM involves changing the DM popula-
tion between freeze-out and recombination, as in models
of “inelastic DM” (iDM) [15]. In this framework, such
evolution occurs dynamically in a dark sector containing
a nearly-degenerate pseudo-Dirac DM pair, χ1 and χ2,
with a small mass-splitting and an off-diagonal coupling
to the SM. The natural size of the mass-splitting is near
or below the overall DM mass scale if it arises from the
same dynamics responsible for generating the dark sector
masses [15–17]. In this case, DM annihilation proceeds
efficiently at early times through coannihilations of χ1

and χ2 to SM final states, but is exponentially suppressed
before recombination as the Universe cools and DM self-
scattering continues to thermally deplete the abundance
of the heavier χ2 state in favor of the lighter χ1 state. A
summary of the cosmological history is depicted schemat-
ically in Fig. 1.

In this paper, we point out that the kinetic energy of
χ1 in the Milky Way is sufficiently large to undo this
exponential suppression at late times and thus regener-
ate a population of upscattered χ2 excited states that

are detectable through their subsequent coannihilation
to visible states, χ1χ2 → SM SM. In particular, we
highlight the existence of cosmologically-viable and theo-
retically well-motivated parameter space involving mass-
splittings of ∼ 1 eV−100 eV, such that the kinetic energy
of MeV − GeV scale DM in the Milky Way is sufficient
to partially or fully equilibrate a density of cosmologi-
cally long-lived excited states. As a result, coannihila-
tions that yield low-energy gamma-rays occur at a rate
comparable to (or a few orders of magnitude below) the
thermal value for s-wave annihilation, which is detectable
with existing and proposed indirect detection searches in
the Milky Way. In contrast, analogous signals of such
processes are suppressed in the early Universe as well as
in less dense astrophysical bodies, such as dwarf satellite
galaxies, due to the smaller DM velocities involved.

We note that analogous ideas involving the regener-
ation of late-time indirect detection signals have been
previously explored within the context of prompt de-
cays of excited iDM states [18–20], late-time decays in
a multi-component hidden sector [21], and annihilations
from asymmetric DM oscillations [22]. While such work
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is similar in spirit to our study, these models typically
involve additional particle content or early-Universe dy-
namics compared to the model here. By contrast, we
present a simple scenario with standard cosmological as-
sumptions where the same interaction that sets the DM
thermal relic abundance is also responsible for indirect
detection signals in the Galaxy.

The remainder of this paper is organized as follows. In
Secs. II and III, we provide an overview of iDM mod-
els and their cosmological history. In Sec. III D, these
results are used to determine the primordial fraction of
excited states at late times. In Sec. IV, we study the
Galactic dynamics of this scenario and calculate the ex-
cited DM population in the Milky Way. These results
are then used in Secs. V and VI to derive limits from ex-
isting indirect detection searches as well as prospects for
observing such a population in low-energy gamma-rays
with proposed satellites. Finally, we offer concluding re-
marks in Sec. VII and discuss directions for future work.
A series of appendices, referred to throughout this work,
provides additional technical details.

II. MODEL OVERVIEW

In this section, we outline a concrete model of iDM.
The DM content of this model involves a Dirac pair of
two-component Weyl fermions, ψ1 and ψ2, oppositely
charged under a new spontaneously broken U(1)′ sym-
metry with gauge interaction

L ⊃ e′A′
µ

(
ψ†
1σ̄

µψ1 − ψ†
2σ̄

µψ2

)
, (2)

where the dark photon A′ is the U(1)′ gauge boson with
mass mA′ and gauge coupling e′. The fermion masses of
this theory arise from the Lagrangian terms

L ⊃ −mD ψ1 ψ2 −
1

2

(
δ1 ψ1ψ1 + δ2 ψ2ψ2

)
+ h.c. , (3)

where mD is a gauge-invariant Dirac mass and δ1,2 are
U(1)′ breaking Majorana masses naturally2 satisfying
δ1,2 ≪ mD. After diagonalizing this system, the mass
eigenstates correspond to a pseudo-Dirac pair,

χ1 ≃ i√
2
(ψ1 − ψ2) , χ2 ≃ 1√

2
(ψ1 + ψ2) , (4)

with nearly degenerate masses

m1,2 ≃ mD ∓ 1

2
(δ1 + δ2) (5)

2 Indeed, the Majorana terms are small if they arise from higher-
dimensional couplings to the dark Higgs H′ responsible for spon-
taneous breaking in the dark sector (e.g., couplings of the form
H′ 2 ψ2

1,2/Λ where Λ is governed by the mass scale of a heavy sin-
glet that mixes with H′) [15–17]. More generally, δ1,2 ≪ mD is
technically natural as the theory enjoys an enhanced global sym-
metry (analogous to SM lepton number) when Majorana masses
are absent.

split by the small amount δ ≡ δ1 + δ2 ≪ m1,2. In terms
of mass eigenstates, the leading interaction of Eq. 2 is
off-diagonal,

L ⊃ ie′A′
µ χ̄1γ

µχ2 +O
(
δ1,2
mD

)
, (6)

where we have written χ1,2 as four-component Majorana
spinors.

Generically, χ1 and χ2 also couple diagonally to the
A′, but these interactions are suppressed by δ/m1 ≪ 1
and exactly vanish if δ1 = δ2 due to the enhanced charge
conjugation symmetry χ1,2 → ∓χ1,2, A′ → −A′. With-
out loss of essential generality, throughout this paper
we assume that χ1,2 couple purely off-diagonally to the
dark photon, as in Eq. 6, which governs the dynamics
within the dark sector. For instance, Eq. 6 facilitates up-
scattering χ1χ1 → χ2χ2 as well as elastic self-scattering
χ1χ2 → χ1χ2 between DM particles, both of which can
have significant impacts on the Galactic population, as
we will discuss below.

The dark photon coupling to the electromagnetic cur-
rent arises from a small kinetic mixing between A′ and
the SM photon field A,

L ⊃ ϵ

2
F ′
µν F

µν +AµJ
µ
em , (7)

where F ′ and F are the dark and visible field strengths,
respectively, Jem is the SM electromagnetic current, and
ϵ ≪ 1 is the dimensionless parameter governing the
strength of A′-A mixing. After rotating away this mix-
ing via A → A + ϵA′, SM fields acquire a small cou-
pling to the dark photon through the induced interaction
ϵA′

µJ
µ
em [23].

III. COSMOLOGICAL HISTORY

In this section, we review the cosmological history of
sub-GeV iDM. The discussion is organized into different
subsections, ordered chronologically according to when
various processes decouple in the early Universe in the
parameter space of interest. In particular, we discuss
DM− SM chemical decoupling, DM− SM kinetic decou-
pling, and χ1 − χ2 chemical decoupling, respectively, as
depicted in Fig. 1. For previous work investigating such
cosmological scenarios, see, e.g., Refs. [24, 25].

A. DM − SM Chemical Decoupling

Here we discuss DM thermal freeze-out, the process
of DM − SM chemical decoupling which sets the total
χ1,2 density in the early Universe. If the kinetic mixing
parameter satisfies

ϵ ≳ 10−8

√
mA′

GeV
, (8)
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then A′ ↔ SM SM decays and inverse-decays equilibrate
the two sectors, seeding an initially large thermal density
of dark sector states [26].

A priori, there is no preferred ordering of DM and dark
photon masses. However, if mA′ < m1 and e′ ≫ ϵ, then
DM freeze-out proceeds predominantly through χ1χ1 →
A′A′ annihilation followed by A′ decays to visible SM
particles. Since this process is s-wave, the CMB limit
from Eq. 1 robustly excludes this mass ordering in the
sub-GeV mass range.

By contrast, if mA′ > m1+m2, then DM annihilations
to on-shell dark photons are kinematically forbidden, and
instead the DM relic density is governed by the coanni-
hilation χ1χ2 → SM SM, as shown in Fig. 1. In the
non-relativistic limit, the cross section for this process
is [3, 27]

⟨σv⟩ann ≃ 16παα′ϵ2m2
1

(4m2
1 −m2

A′)2
, (9)

where α and α′ = e′ 2/4π are the electromagnetic and
U(1)′ fine-structure constants, respectively. In our calcu-
lations, we incorporate all kinematically accessible chan-
nels, including hadronic final states, as described in
Refs. [28, 29]. Although this cross section is unsuppressed
in the low-velocity limit, the CMB bound is alleviated be-
cause the χ2 abundance is thermally depleted before re-
combination for sufficiently large splittings, thereby shut-
ting off χ1χ2 → SM SM at late times. This is discussed
in more detail below.

When the temperature of the early Universe cools to
T = Tfo ∼ m1/10, the total comoving DM density freezes
out to a fixed value. Thus, for δ ≪ m1/10, the mass-
splitting can be neglected throughout this process, and
we follow the calculations of Ref. [3] to determine the
initial relic density of χ1,2 particles. In particular, for
δ ≪ m1,2 ≲ 100 MeV and mA′ ≳ few × m1, the χ1,2

abundance at freeze-out satisfies

fχ ≃
(
0.5

α′

)(
10−5

ϵ

)2(
m1

100 MeV

)2(
mA′

3m1

)4

, (10)

where fχ is the fractional abundance of DM that χ1 and
χ2 jointly constitute.

Throughout this work, we focus on the parameter
space that satisfies the assumptions leading to Eq. 10,
fixing to the representative values mA′/m1 = 3 and
α′ = 0.5, and assuming a standard freeze-out cosmol-
ogy for χ1 and χ2.3 We also fix the value of ϵ by im-
posing fχ = 1 such that χ1,2 account for the entire ob-
served DM abundance, unless mentioned otherwise (in
Sec. VI we will also investigate DM subcomponents, cor-
responding to fχ < 1). In later sections, we vary the

3 Thermal freeze-out models with mA′/m1 ≲ 1 are typically
excluded by measurements of the CMB, as mentioned above,
whereas scenarios with mA′/m1 ≫ 3 or α′ ≪ 1 are strongly
constrained by accelerator searches [3, 30].

iDM mass-splitting δ to explore a wide range of possible
late-time implications of the χ2 population. However, in
the parameter space of interest, it is always the case that
δ ≪ m1, so that Eq. 10 is unaffected.

Furthermore, since we always work in the regime where
δ < mA′ , 2me, the decays χ2 → χ1A

′ and χ2 → χ1e
+e−

are kinematically forbidden and χ2 is stable on cosmo-
logical timescales; we neglect the highly subdominant
χ2 → χ1 + 3γ and χ2 → χ1νν̄ decay channels, since the
corresponding lifetimes are exponentially longer than the
age of the Universe [31].

B. DM − SM Kinetic Decoupling

After DM − SM chemical decoupling, DM − SM scat-
tering χ1 ℓ

± ↔ χ2 ℓ
± remains in equilibrium due to the

large thermal density of SM leptons,4 as shown in Fig. 1.
These processes do not change the total DM number,
but as long as they are in equilibrium, the DM temper-
ature, Tχ, tracks that of the SM, T , such that both ap-
proximately evolve inversely with the cosmic scale factor
Tχ = T ∝ a−1.

Since our focus is on sub-GeV DM, the dominant pro-
cess that maintains kinetic equilibrium after freeze-out is
inelastic scattering off of electrons and positrons, whose
abundance vastly exceeds that of any other charged
species at temperatures T ≲ 100 MeV. The full
thermally-averaged thermalization rate for χ1 e ↔ χ2 e
is derived in Appendix A, but here we briefly summarize
its limiting forms. At both high and low temperatures
compared to the electron mass, this rate is well approxi-
mated by

Γkd ≃ 8αα′ϵ2T 2

3m4
A′m1

×
{

31
63 π

5 T 4 (T ≫ me)
16
π m4

e e
−me/T (T ≪ me) .

(11)

The DM and SM sectors kinetically decouple from each
other at a temperature of Tχ = T = Tkd when the typ-
ical DM particle no longer efficiently transfers momen-
tum with an electron in a Hubble time. This tempera-
ture can be approximated by solving Γkd(Tkd) = H(Tkd),
where H is the Hubble expansion rate. After this point,
the DM temperature no longer tracks that of the SM
plasma, instead redshifting more rapidly as an isolated
non-relativistic sector with a temperature scaling of Tχ ∝
a−2.

Form1 ≲ 1 GeV and our choice of representative model
parameters in Eq. 10, Γkd ≫ H at temperatures compa-
rable to or greater than the electron mass. Thus, χ1e

± ↔
χ2e

± scattering steadily depletes the χ2 population un-
til T ∼ me when the electron/positron number density

4 Note that there are also similar interactions with quarks and
hadrons, but since their densities are exponentially suppressed at
temperatures T ≲ 100 MeV, such interactions are subdominant.



5

becomes Boltzmann suppressed and the scattering rate
falls out of equilibrium. Note that for m1 ≲ 10 MeV,
DM annihilations, as discussed in Sec. IIIA, decouple af-
ter DM − SM scattering, so that Tkd > Tfo and the two
earliest processes in Fig. 1 decouple in the opposite order
relative to what is shown. In this case, once DM annihi-
lations to the SM freeze out, the temperatures of the two
sectors evolve independently. Generally, we expect this
to only hold approximately, and we reserve a more care-
ful numerical treatment, involving solving the relevant
Boltzmann equations, to future work.

C. DM − DM Chemical Decoupling

DM self-scattering χ1χ1 ↔ χ2χ2 (as shown in Fig. 1)
is unsuppressed by the small coupling ϵ, and thus can re-
main in equilibrium long after the processes of the previ-
ous two subsections have already decoupled. This implies
that even for splittings as small as δ ∼ eV, χ2 can be ther-
mally depleted well before recombination once Tχ ≲ δ.

As derived in Appendix B, the thermally-averaged rate
for χ2 χ2 → χ1 χ1 scattering is given by

Γχ ≃ 8π α′ 2m3/2
1

m4
A′

n1 e
−δ/Tχ max

(
δ

2
,
Tχ
π

)1/2

, (12)

where n1 is the χ1 number density.5 We estimate the
DM temperature T dec

χ at which χ1 and χ2 chemically
decouple from each other by evaluating Γχ(T

dec
χ ) = H.

After decoupling, the primordial abundance of excited
states is fixed to

f2 =
n2

n1 + n2
≃ e−δ/Tdec

χ

1 + e−δ/Tdec
χ

, (13)

where we have used detailed balance to relate the number
densities of χ2 and χ1 just prior to decoupling, n2 ≃
e−δ/Tχ n1.

D. Primordial Excited Fraction

Using the formalism of Secs. III A, III B, and III C, we
determine the total χ1,2 density, temperature evolution,
and χ2 fractional density f2, respectively. In Fig. 2, we
show f2 as a function of m1 and δ. For fixed δ, heavier
dark sector masses suppress the rate Γχ of Eq. 12, such
that χ1 − χ2 interconversion decouples at earlier times,
enhancing the relative χ2 density. On the other hand, for
larger splittings, the relative abundance of excited states
is increasingly Boltzmann suppressed, yielding smaller
values of f2. This cosmological value of f2 is fixed at

5 We note that Eq. 12 agrees with the expressions in Ref. [25],
aside from a factor of π discrepancy for Tχ ≲ δ.
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FIG. 2: Contours of fractional χ2 abundance f2 =
n2/(n1+n2) set by χ1−χ2 decoupling in the early Uni-
verse, as a function of m1 and δ. Here, we have fixed
mA′/m1 = 3, α′ = 0.5, and ϵ such that the freeze-out
abundance of χ1,2 agrees with the observed DM den-
sity. The gray shaded region corresponds to parameter
space excluded by CMB annihilation bounds [6].

late times, as shown schematically in Fig. 1 by the lower
plateau after Tχ = T dec

χ .
This primordial χ2 fraction governs the rate for

χ1χ2 → SM SM near the time of recombination, which is
strongly constrained by CMB data. In particular, Planck
bounds such coannihilations to e+e− final states accord-
ing to [6]

2f2χf1f2⟨σv⟩ann ≲ 2× 10−26 cm3 s−1

(
m1

30GeV

)
, (14)

where the factor of two on the left-hand-side of Eq. 14
accounts for the fact that the limit in Ref. [6] assumed an-
nihilation of self-conjugate DM particles, whereas coan-
nihilations of χ1 and χ2 involve distinct species. We have
also rescaled the limit by f2χf1f2, where fχ from Eq. 10
accounts for the DM fraction that χ1 and χ2 jointly con-
stitute, and f1 = 1−f2 is the relative χ1 fraction defined
in analogy with f2 in Eq. 13. Annihilations to muon, tau,
and hadronic final states are also similarly constrained,
but are weaker by roughly a factor of ∼ 1/3 due to their
smaller efficiency in transferring energy into the inter-
galactic medium near the time of recombination [5]. The
resulting constraint from the CMB is shown in Fig. 2 as
the shaded gray region.

IV. GALACTIC POPULATION

After dark sector scattering decouples at T dec
χ , the av-

erage cosmological fraction f2 of the heavier χ2 state re-
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mains fixed for all subsequent times as the DM temper-
ature continues to fall as a−2 due to Hubble expansion.
However, in overdense regions where galactic structure
forms, the local DM temperature can vastly exceed its
average cosmological value due to virialization. Thus, in
galaxies and clusters where the local temperature satis-
fies Tχ ≳ δ, there is an additional late-time population of
excited states generated by χ1χ1 → χ2χ2 upscattering,
which can exceed the cosmological fraction f2 computed
in the previous section. In this section, we discuss how
such a population can arise in the Milky Way.

A. Galactic Model

Since the Galactic χ2 fraction is exponentially sensitive
to the DM velocity, we begin by describing a toy model
for the Milky Way. We assume that upon galaxy forma-
tion, the χ2 population has the same cosmological relic
fraction f2 set by dynamics in the early Universe (see
Sec. III) and starts off with the same type of Galactic
density profile as the χ1 population.

To simplify our treatment, we approximate the phase-
space of DM in the Milky Way as following that of a
Maxwell-Boltzmann distribution, with an effective tem-
perature Tmw that is a function of the galactocentric ra-
dius r. In particular, using the virial theorem, we take

Tmw(r) =
GMenc(r)

3r
m1 , (15)

where Menc(r) is the total mass enclosed within r. Menc
is determined directly from our assumed DM density pro-
file as well as the baryonic mass density ρB . We approx-
imate the stellar bulge, thin disk, and thick disk con-
tributions to ρB from the best-fit spherically-symmetric
Hernquist profile model advocated for in Refs. [32, 33],

ρB(r) =
ρB0 r

4
0

r(r + r0)3
, (16)

where ρB0 = 26 GeVcm−3 and r0 = 2.7 kpc.
Later in Sec. V, we will investigate the impact of var-

ious choices for the DM density profile. However, for
concreteness, in this section we model the initial χ1 mass
density with a Navarro-Frenk-White (NFW) profile [34]

ρ1(r) =
ρs

(r/rs) (1 + r/rs)2
, (17)

where rs = 20 kpc is the scale radius and ρs is normal-
ized to yield a local DM density of 0.4 GeVcm−3 at the
position of the Solar System, r = r⊙ ≃ 8.5 kpc.

B. Galactic Evolution

The time-evolution of the Galactic χ2 population is
governed by the Boltzmann equation

∂F2

∂t
+ v⃗ · ∇⃗F2 + g⃗ · ∂F2

∂v⃗
= C[F1,2] , (18)
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δ = 10 eV
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χ1 - χ2 equilibrium

FIG. 3: Radial regions in the Milky Way in which in-
elastic dark scattering χ1χ1 ↔ χ2χ2 reenters equilib-
rium over the age of the Galaxy tmw ≃ 13.5 Gyr, as a
function of m1 and for various representative choices of
δ, fixing mA′/m1 = 3 and α′ = 0.5. We have also as-
sumed an initial NFW profile for χ1. For each choice of
m1 and δ, there is a shell of galactocentric radii within
which equilibration occurs.

where F1,2 are the phase space densities for χ1,2, v⃗ is
the χ2 velocity, g⃗ is the Galactic gravitational accelera-
tion field, and the collision term C[F1,2] accounts for all
χ1,2 scattering processes. Since solving Eq. 18 requires
detailed numerical simulations, we simplify the analy-
sis by factorizing the processes of inelastic χ2 production
and gravitational evolution, examining upscattering with
a simple toy model in this section. Modifications to the
χ1,2 distributions due to gravitational dynamics and elas-
tic scattering will be discussed later in Sec. V B, where
we consider a wide range of possible scenarios.

We approximate χ2 production by taking the zeroth
moment of Eq. 18 and neglecting gradient and gravita-
tional terms, which amounts to solving

∂n2
∂t

= n21 ⟨σv⟩1→2 − n22 ⟨σv⟩2→1 , (19)

where n1,2 is the Galactic number density of χ1,2. Here,
the thermally-averaged cross section for χ1χ1 → χ2χ2

upscattering is

⟨σv⟩1→2 = e−2δ/Tmw ⟨σv⟩2→1 , (20)

where ⟨σv⟩2→1 is the thermally-averaged cross section
for χ2χ2 → χ1χ1 downscattering. As derived in Ap-
pendix B, ⟨σv⟩2→1 is approximately

⟨σv⟩2→1 ≃ 8π α′ 2m3/2
1

m4
A′

max

(
δ

2
,
Tmw

π

)1/2

, (21)
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From Eq. 19, n2 asymptotes to a constant value once
it evolves to n2 ≃ e−δ/Tmw n1, as required by detailed
balance. In the limit that the initial χ2 density is small,
we can therefore approximate the solution of Eq. 19 as

n2 ≃ n1 min
(
Nscatt , e

−δ/Tmw
)
, (22)

where Nscatt = n1 ⟨σv⟩1→2 t is the number of upscatters
per χ1 particle after time t. Note that χ2 approaches
detailed balance once the average number of upscatters
is Nscatt ∼ e−δ/Tmw , which occurs on a characteristic
timescale of

t ∼ eδ/Tmw

n1 ⟨σv⟩2→1
. (23)

Due to its strong temperature dependence, the upscat-
tering cross section ⟨σv⟩1→2 is peaked around a charac-
teristic radial range in the Galaxy, driven by the fact
that Tmw peaks at intermediate radii. In Fig. 3, we show
the radial regions of the Milky Way in which χ2 reenters
chemical equilibrium with χ1 over the age of the Galaxy,
tmw ≃ 13.5 Gyr, as a function of m1 and for various
choices of the splitting δ. We see that for mass-splittings
δ ≲ 10 eV, χ2 is able to reenter chemical equilibrium over
a significant portion of the Galaxy.

We now calculate the Galactic density profile of χ1 and
χ2 at t = tmw by numerically solving Eq. 19, along with
n1 + n2 = constant, at each radius r, starting from the
initial condition at t = 0 where

n1,2(0) = f1,2 fχ ρDM/m1,2 , (24)

for a given Galactic DM profile ρDM . Note that this treat-
ment neglects the impact of additional effects, including
elastic χ1χ2 → χ1χ2 scattering and gravitational dynam-
ics, which will be addressed later in Sec. V B. In Fig. 4,
we show the resulting Galactic mass density profile of χ2,
ρ2 = m2 n2, fixing m1 = 50 MeV and δ = 5 eV and for
two different assumptions regarding the Galactic evolu-
tion of excited states. In particular, for the solid line in
Fig. 4, we take χ2 to be produced along orbits of fixed ra-
dius. By contrast, for the dashed line we instead assume
that after production, the entire Galactic χ2 population
readjusts to an NFW profile with normalization fixed to
conserve the total χ2 number. These two scenarios are re-
ferred to as “unvirialized” and “virialized,” respectively.6
For reference, we also show as a dotted line the initial
primordial χ2 profile (see Eq. 24) and as a dot-dashed
line a standard NFW DM density profile (scaled down
by a factor of two). The peak-like feature near r ∼ 1 kpc
shows the growth to the χ2 population generated from
χ1χ1 → χ2χ2 Galactic upscattering at late times. Note
that for much larger radii, the distribution does not sig-
nificantly evolve from its original primordial value since

6 Note that our use of “virialization” is simply meant to imply the
process of gravitational relaxation/evolution.
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FIG. 4: Radial mass density profiles of χ2 in the Milky
Way, for m1 = 50 MeV, δ = 5 eV, mA′/m1 = 3,
α′ = 0.5, and assuming an initial NFW profile for χ1

and χ2. For the solid line labelled “unvirialized,” we
assume that χ2 remains at the same radius as the pro-
genitor χ1 particle. For the dashed line labelled “reviri-
alized,” we instead assume that the χ2 population read-
justs to an NFW profile with normalization fixed to
conserve particle number. For reference, we also show
as a dotted line the initial primordial χ2 profile (see
Eq. 24) and as a dot-dashed line a standard NFW DM
density profile, scaled down by a factor of two.

the low density of χ1 particles suppresses the likelihood
to upscatter over the age of the Galaxy. Instead, for
much smaller radii, the small Galactic temperature fa-
vors downscattering compared to upscattering, reducing
the density of excited states in that region.

V. INDIRECT DETECTION

The last section discussed the Galactic density profiles
for χ1 and χ2. Here, we use these results to determine the
resulting flux of visible particles from DM coannihilations
χ1χ2 → SM SM. We begin by providing some general
formalism in Sec. V A. In Sec. V B, we then investigate
the sensitivity of our final results to the assumed form of
the χ1 and χ2 density profiles.

A. General Formalism

In conventional indirect detection studies, the flux Φγ

of photons from DM annihilations is determined by

dΦγ

dEγ
= cχ

⟨σv⟩ann

4πm2
DM

dNγ

dEγ
J , (25)
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where ⟨σv⟩ann is the thermally-averaged annihilation
cross section in the Galaxy, dNγ/dEγ is the number of
photons per annihilation event per unit energy Eγ , and
the J-factor depends on the Galactic mass density of DM,
ρDM . The constant cχ incorporates additional factors
arising from the counting of DM species. For example,
cχ = 1/2 for Majorana DM in order to not overcount
distinct pairs of self-conjugate particles, and cχ = 1/4
for Dirac DM, since annihilations involve interactions be-
tween distinct particles and antiparticles, each of which
account for half of the total DM density. For standard
DM annihilations, the J-factor is given by

J =

∫
dΩ dℓ ρDM(r)2 , (26)

where Ω and ℓ are solid angle and radial coordinates with
respect to a local observer, which are related to the galac-
tocentric radial coordinate by

r2 = r2⊙ + ℓ2 − 2 r⊙ ℓ cos θ . (27)

In our iDM scenario, there are two distinct DM species
that coannihilate to yield a flux of SM particles, similar
to Dirac DM. However, unlike the Dirac case, the χ2 pop-
ulation that arises from Galactic upscattering can have a
distinct profile, such that we define the J-factor for iDM
as

JiDM ≡
∫
dΩ dℓ ρ1(r) ρ2(r) , (28)

where the mass density profiles for χ1 and χ2 are de-
termined from Sec. IV B. Note that in the limit where
m1 ≃ m2 and ρ1(r) ≃ ρ2(r) ≃ ρDM/2, JiDM ≃ J/4. With
this convention for JiDM, cχ = 1 for iDM in Eq. 25.

Most indirect detection studies of the Milky Way es-
timate the reach of various existing or future telescopes
by presenting the sensitivity to the annihilation cross sec-
tion ⟨σv⟩, assuming an NFW profile of self-conjugate DM
particles. To make direct contact with these studies, we
define an effective iDM annihilation cross section,

⟨σv⟩eff ≡ 2 ⟨σv⟩ann

(
JiDM

JNFW

)
, (29)

where JNFW is defined as in Eq. 26 for an NFW DM pro-
file. The numerical prefactor in Eq. 29 is fixed so that
a telescope that is sensitive to self-conjugate (e.g., Ma-
jorana) DM annihilations with an NFW density profile
and an annihilation cross section of ⟨σv⟩eff is also sensi-
tive to iDM particles of the same mass and annihilation
channels.

B. J-factor Profile-Dependence

Self-scattering processes can lead to significant modi-
fications to the χ1,2 density profiles. For instance, if the
χ2 population is sufficiently abundant, elastic scattering
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FIG. 5: As solid lines, the Milky Way J-factor for iDM
(see Eq. 28) normalized by that of conventional NFW-
distributed DM (see below Eq. 29), as a function of
m1, fixing δ = 5 eV, mA′/m1 = 3, and α′ = 0.5. We
have computed the J-factor by integrating over the
polar angles 0◦ ≤ θ ≤ 20◦. JiDM/JNFW = 1/4 in-
dicates that iDM coannihilations yield the same flux
as NFW-distributed Dirac DM annihilating with the
same cross section. For the red or blue lines, we assume
an initial χ1,2 distribution described by an NFW pro-
file or a 10 kpc core Burkert profile, respectively. The
upper boundary of each shaded band labeled “unvirial-
ized” gives the J-factor assuming χ2 particles maintain
the same radius as their χ1 progenitors, whereas for
the lower boundary of each band labeled “revirialized”
we assume that the χ2 population eventually settles
into the same type of Galactic distribution as χ1 with
normalization fixed to conserve particle number. Also
shown as dotted lines are the contributions from the
initial primordial density of excited states, i.e., taking
ρ1,2 according to their initial values in Eq. 24.

χ1χ2 → χ1χ2 can result in a cored central density, as typ-
ically found in models of self-interacting DM (SIDM) [35].
However, the novel upscattering process χ1χ1 → χ2χ2 al-
ters the χ2 kinematics to counteract such core formation,
since it increases the likelihood for such particles to clus-
ter in the inner Galaxy. This is discussed briefly in Ap-
pendix C and confirmed in the recent N -body simulation
of Ref. [36], which used model parameters comparable
to the smallest DM masses and mass-splittings that we
consider in this work. Fully modeling all of these effects
requires a dedicated N -body simulation in our parame-
ter space of interest, which is beyond the scope of this
work. Thus, in this section we approximate the impact
of these processes on the iDM J-factor by considering a
wide range of possible density profiles.

To determine JiDM, we use ρ1 and ρ2 as calculated in
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FIG. 6: The effective annihilation cross section ⟨σv⟩eff
(see Eq. 29), as a function of m1 and for various choices
of δ, fixing mA′/m1 = 3, α′ = 0.5, and ϵ such that the
freeze-out abundance of χ1,2 agrees with the observed
DM density. The dotted lines show only the contribu-
tion from the cosmological relic population of χ2 pa-
rameterized by f2 in Eq. 13, whereas the solid lines also
include the additional contribution from Galactic up-
scattering in the Milky Way (assuming an initial NFW
profile for χ1 and χ2 and that the upscattered χ2 parti-
cles stay fixed to the radii at which they are produced).

Sec. IV. Fig. 5 shows the ratio JiDM/JNFW as a function
of m1 for δ = 5 eV. Here, we compute the J-factor after
integrating over a range of polar angles corresponding to
0◦ ≤ θ ≤ 20◦ and assuming either an initial NFW or
Burkert χ1 profile. In the latter case, the overall flux
of the signal is suppressed by our choice of the largest
core size typically considered for a Burkert profile, cor-
responding to ∼ 10 kpc [41] (this is meant to illustrate
the maximal effect that coring from self-scattering can
have on JiDM). Under each of these profile assumptions,
we investigate two further possibilities, corresponding to
either a χ2 population that tracks the same radius at
which it is produced or instead one that readjusts to the
same type as the original χ1 profile, fixing the normal-
ization to conserve total χ2 number (see the discussion
in Sec. IV). These two choices bracket the range of JiDM
values shown in Fig. 5. Also shown as dotted lines are
the contributions to the J-factor solely from the initial
primordial density of excited states, i.e., taking ρ1,2 ac-
cording to their initial values in Eq. 24. Thus, we see
that uncertainties regarding the effects of gravitational
dynamics can significantly impact the estimated flux of
annihilation products, at the level of a couple orders of
magnitude within our parameter space of interest.

In the remainder of this study, we therefore adopt the
more optimistic assumptions, corresponding to an initial
NFW profile for χ1 and a population of upscattered χ2

1 10
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δ
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V
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〈σv〉 eff [cm3 /s]

CMBCMBMilky Way
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FIG. 7: Contours of the total effective cross section
⟨σv⟩eff (with contributions from both the primordial
and Galactic upscattered χ2 populations), as a func-
tion of m1 and δ, with the same model assumptions
as in Fig. 6. Also shown in gray are regions excluded
by observations of the CMB [6] and indirect detection
searches of the Milky Way [37–40].

excited states that tracks the radial position of their χ1

progenitors. However, we note that neither of the bands
shown in Fig. 5 take into account that the upscattered
χ2 particles generically have less energy7 than their pro-
genitors, which may lead to greater χ2 densities near the
Galactic Center and thereby enhance the J-factor rela-
tive to what is shown here. We expand upon this phe-
nomenon briefly in Appendix C and leave a more detailed
study to future work.

VI. RESULTS

In Fig. 6, we show ⟨σv⟩eff (see Eq. 29) as a function of
m1 and for various choices of δ; the dotted lines show the
contribution from only the initial primordial population
of excited states. For sufficiently large splittings, upscat-
tering in the Galaxy is exponentially rare, such that the
primordial population dominates the flux of coannihila-
tions at late times. From Eq. 20, for a fixed value of δ,
upscattering is exponentially suppressed at low masses
and power-law suppressed at high masses, resulting in
an optimal range of DM masses for the Galactic contri-
bution to ⟨σv⟩eff. On the other hand, for the primordial
population, ⟨σv⟩eff grows with increasing mass due to the

7 Although the total energy is conserved in these reactions, the
χ2 produced from upscattering have less combined kinetic and
potential energy than their χ1 progenitors.
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FIG. 8: Left: The effective cross section ⟨σv⟩eff (as in Eq. 29 and Fig. 6), as a function of m1 for various choices of
δ, fixing mA′/m1 = 3, α′ = 0.5, and ϵ such that the freeze-out abundance of χ1,2 agrees with the observed DM den-
sity (fχ = 1). The initial distributions for χ1 and χ2 are taken to be NFW profiles, and we assume that the upscat-
tered χ2 stay fixed to the radii at which they are produced. Three representative projections of proposed gamma-
ray satellites are shown as solid, dashed, and dotted black lines, including e-ASTROGAM [42], AMEGO [43], and
MAST [44], respectively. Also shown as shaded gray regions are constraints from the CMB [6], indirect detection
searches of the Milky Way [37–40], and DM self-interactions in galaxy clusters (labeled “SIDM”). The lower bound
on m1, as derived from the successful predictions of BBN under the assumption of a standard cosmology [45],
is shown as a vertical gray dotted line. The approximate rate for p-wave annihilating thermal DM is shown as a
dashed pink line. Direct detection limits from iDM downscattering constrain splittings larger than those considered
here, δ ≳ 200 eV [24, 25]. Right: Same as the left panel, but instead fixing ϵ such that the freeze-out abundance of
χ1,2 constitutes only 10% of the total DM abundance (fχ = 0.1). In this case, constraints on self-interacting DM do
not apply.

enhancement in f2 (see the discussion in Sec. III D). This
is evident in Fig. 6, which shows that for splittings δ ≲
30 eV and intermediate masses m1 ∼ 1 MeV− 100 MeV,
coannihilations arising from the Galactic upscattered χ2

particles dominantly contribute to ⟨σv⟩eff. Note that for
the primordial component, f2 ≃ 1/2 for m1 ≳ 100 MeV,
such that late-time annihilations are unsuppressed and
⟨σv⟩eff asymptotes to the standard freeze-out value of
⟨σv⟩eff ≃ 5× 10−26 cm3 s−1 for sub-GeV masses [46].

Fig. 7 displays ⟨σv⟩eff in the two-dimensional param-
eter space spanned by m1 and δ. In light gray we show
regions of parameter space excluded by observations of
the CMB (as discussed in Sec. III D). Also shown in
dark gray are constraints derived from existing obser-
vations of the Milky Way. In particular, these consist
of limits from gamma-ray observations by INTEGRAL
and COMPTEL [37], cosmic-ray measurements by the
Voyager 1 spacecraft [38], and X-ray satellites [39, 40].
This region of parameter space corresponds to scenarios
in which χ2 efficiently reenters equilibrium in the Galaxy,
thus sourcing an annihilation rate that is comparable to
typical s-wave annihilations of thermal DM.

Proposed gamma-ray satellites will be able to signif-
icantly extend this sensitivity to larger δ, correspond-

ing to smaller ⟨σv⟩eff. This is evident in Fig. 8, which
shows as colored lines the predicted sizes of ⟨σv⟩eff as a
function of mass, for various choices of δ. In the left-
and right-panels, we fix fχ = 1 and fχ = 0.1, respec-
tively. Also shown as a dashed pink line is the approx-
imate rate for p-wave thermal DM assuming fχ = 1.
Three representative projections of proposed gamma-ray
satellites are shown as solid, dashed, and dotted black
lines, including e-ASTROGAM [42], AMEGO [43], and
MAST [44], respectively. In particular, we have taken
the e-ASTROGAM projections from Ref. [13] and the
AMEGO and MAST projections from Ref. [14]. We note
that Ref. [14] adopted an Einasto DM profile; we have
rescaled their projections appropriately to account for
the smaller J-factor of an NFW profile. Such instru-
ments have the capability to probe a wide range of cur-
rently unexplored thermal iDM parameter space, with
annihilation rates orders of magnitude larger than stan-
dard p-wave annihilating DM. Although not shown in
Fig. 8, the GECCO [47] and COSI [48] instruments may
also have competitive sensitivity in this parameter space.

In addition to bounds from the CMB and existing in-
direct detection searches of the Milky Way, for fχ = 1 we
also display limits from considerations of self-interacting
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DM (SIDM). In particular, the large relative DM velocity
v ∼ 10−2 in observed galaxy clusters, such as the Bullet
cluster [49], implies that DM as light as m1 ∼ 1 MeV
has enough kinetic energy to upscatter χ1χ1 → χ2χ2

for splittings as large as δ ∼ 100 eV. The region la-
beled “SIDM” in the left panel of Fig. 8 corresponds
to parameter space where upscattering occurs at a rate
of σ1→2/m1 ≳ 10 cm2/g. In this case, such processes
could lead to large deviations in the density profiles of
merging galaxy clusters. However, note that since typ-
ical studies of SIDM consider elastic scattering, quali-
tative differences could arise for mass-splittings compa-
rable to the DM kinetic energy, such that properly re-
casting this bound in the iDM parameter space necessi-
tates a more careful treatment. Moreover, since obser-
vations limit the total mass lost in such systems to be
less than ∼ 10%, iDM self-interactions are completely
unconstrained if they make up less than ∼ 10% of the
DM [50]. This scenario is considered in the right-panel
of Fig. 8, where we instead consider a DM subcomponent
with fχ = 0.1. Also note that in this case, the asymptotic
behavior of ⟨σv⟩eff at high masses following from Eqs. 10
and 29 is given by ⟨σv⟩eff ∝ f2χ ⟨σv⟩ann ∝ fχ.

For m1 ≲ 10 MeV, the thermal density of dark sec-
tor particles can alter the expansion rate near temper-
atures of T ∼ 1 MeV, leading to predictions for the
light element abundances that are in conflict with stan-
dard Big Bang nucleosynthesis (BBN). In particular, as-
suming a standard cosmological history, measurements of
the CMB and inferred primordial nuclear abundances ex-
clude m1 ≲ 8 MeV for the dark sectors considered in this
work [45]. This constraint is shown as a dotted gray line
in Fig. 8, but can be ameliorated if additional new physics
modifies the photon-neutrino temperature ratio or intro-
duces additional relativistic species at early times. We
leave a more complete model investigation along these
lines to future work.

We conclude this section with a brief discussion on the
sensitivity of direct detection searches for DM scattering.
In this work, we have refrained from considering mass-
splittings larger than δ = 200 eV, since for 200 eV ≲ δ ≲
2me, downscattering of primordial excited states off of
electrons, χ2e → χ1e, is highly constrained by existing
XENON1T, SuperCDMS, and CRESST data [24, 25].
Instead, for δ ≲ 10−6m1, upscattering in the form of
χ1e → χ2e can be searched for in low-threshold targets,
but the limited exposure of current experiments is insuffi-
cient to probe the thermal parameter space investigated
here [3]. Provided that low-backgrounds can be main-
tained with larger exposures, future projections for the
OSCURA [51] and SuperCDMS [52] experiments could
provide sensitivity to such parameter space.

VII. DISCUSSION

We have explored a class of cosmologically-viable DM
models in which the same interaction that fixes the relic

abundance also generates MeV-GeV gamma-rays in the
Galaxy that are detectable across a wide range of pa-
rameter space. In this scenario, visible DM annihila-
tions proceed efficiently in the early Universe through
the coannihilation between a lighter χ1 and heavier χ2

state, but are exponentially suppressed near the time of
recombination as DM self-scattering continues to ther-
mally deplete the χ2 density. At much later times, the
increased kinetic energy of DM particles in the Milky
Way enables χ1χ1 → χ2χ2 upscattering to efficiently re-
generate a population of long-lived excited states. Their
resulting coannihilations give rise to low-energy gamma-
rays that are within reach of future telescopes, such as
e-ASTROGAM [42], AMEGO [43], and MAST [44]. A
novel feature of this scenario is that upscattering, fol-
lowed by coannihilation, is exponentially-dependent on
the DM temperature, which peaks at intermediate radii
in the Milky Way. As a result, for certain DM mass-
splittings, there exists a radial shell within which χ1

and χ2 reenter chemical equilibrium over the age of the
Galaxy.

Notably, such theories of inelastic DM serve as an im-
portant model-target for accelerator and direct detection
searches [1]. Hence, indirect detection may play a key role
in enabling model discrimination if signals of sub-GeV
DM arise (or fail to arise) elsewhere. For instance, ob-
serving a signal in gamma-rays and in low-energy acceler-
ator experiments, such as LDMX [53, 54] or Belle-II [55],
would provide evidence in favor of this scenario against
other models involving, e.g., p-wave annihilations (as is
the case for Majorana fermions or complex scalars an-
nihilating to the SM through an intermediate dark pho-
ton [54]).

In regards to direct detection searches, future experi-
ments such as OSCURA [51] and SuperCDMS [52] may
ultimately be sensitive to such models, either from down-
scattering χ2e → χ1e or upscattering χ1e → χ2e, de-
pending on the mass-splitting.8 Since in such models
there is a unique prediction for the relative strength of
scattering signals and the Galactic annihilation flux, mu-
tually consistent signals from all three processes would
constitute a smoking gun discovery for this scenario and
allow the determination of the underlying model param-
eters.

In addition to what we have investigated in this work,
there remain open questions regarding cosmological
and astrophysical predictions of these models. Below,
we highlight some future directions warranting further
study along these lines.

Galactic Dynamics: As noted above, our treatment
of χ1χ1 → χ2χ2 Galactic upscattering is based on an

8 Note that direct detection projections for inelastic (i.e., pseudo-
Dirac) DM often assume that the leading signal arises from loop-
induced elastic scattering, which is beyond the reach of upcoming
experiments. However, as shown in Refs. [24, 25], downscattering
can lead to larger signals, depending on the local density of χ2.
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analytical model of the Milky Way, which makes several
idealized assumptions. To quantify the theoretical
uncertainty associated with our modeling, we have
considered a wide range of possibilities for the χ2

distribution in the Galaxy (see Fig. 5). Nevertheless,
there are several important effects that cannot be
easily estimated using our approach. For example, we
separately consider scenarios in which the upscattered
χ2 population either redistributes into the same halo
profile as the χ1 population or, alternatively, tracks the
same radius where it was originally produced. However,
both possibilities ignore the fact that the χ2 are less
energetic than the χ1, due to upscattering. A brief
discussion of this point is given in Appendix C. A proper
treatment of this effect is beyond the scope of this paper
and calls for a dedicated N -body numerical simulation,
along the lines of Ref. [36] but geared more towards the
specific parameter space investigated in our work. Since
including additional χ2 clustering would likely increase
the Galactic J-factor, the analytical projections in this
paper are conservative.

Cosmological Evolution: Our calculation of the pri-
mordial χ2 fraction adopts the instantaneous decoupling
approximation in which χ2 number-changing processes
(χ1e → χ2e and χ1χ1 → χ2χ2) maintain chemical
equilibrium until their rates fall below the Hubble scale.
While this suffices for an order of magnitude estimate
of the cosmological χ2 number density, a more accurate
treatment requires numerically solving a system of
Boltzmann equations for χ1,2. We leave such an analysis
to future work.

Cluster & Dwarf Comparison: For a given mass-
splitting, a minimum amount of kinetic energy is required
to inelastically upscatter, and thus such processes are
highly sensitive to the effective DM temperature. As a
result, the types of signals discussed here may vary dras-
tically across astrophysical systems, such as dwarf galax-
ies and galaxy clusters, whose velocity dispersions differ
considerably from that of the Milky Way. In particu-
lar, for the parameter space investigated in this work,
such signals are exponentially-suppressed in dwarf galax-
ies due to the smaller DM velocities involved [36, 56].
Conversely, it would be especially interesting to study
the sensitivity of proposed low-energy gamma-ray tele-
scopes to signals originating from galaxy clusters [57], as
their sizeable velocity dispersions [58] could provide ac-
cess to models involving much larger mass-splittings. We
defer a full treatment of these issues to future work.
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Appendix A: DM − SM Kinetic Decoupling

Here, we provide discussion regarding DM−SM scattering and kinetic decoupling. In the limit that mA′ ≫ √
s≫ δ

and m1 ≫ me, T , the differential cross section for χ2e→ χ1e is given by

dσχe
dt

≃ παα′ϵ2

2m4
A′m2

1 p
2
e

[
2(s−m2

1 −m2
e)

2 + 2st+ t2
]
, (A1)

where s and t are the usual Mandelstam variables and pe is the electron momentum. Following Refs. [59, 60], the rate
for maintaining kinetic equilibrium is then given by

Γkd ≃ − 1

3m1T

∫
d3pe
(2π)3

fe(1− fe) ve

∫ 0

−4p2
e

dt t
dσχe
dt

, (A2)

where fe = (eEe/T + 1)−1 is the phase-space distribution of electrons with energy Ee, and ve is the electron velocity.
In the limit T ≫ me or T ≪ me, the above expression reduces to Eq. 11. Note that schematically, the above rate is
Γkd ∼ neσχeve/Nscatt, where Nscatt ∼ m1T/q

2 ≫ 1 is the number of scatters, each exchanging momentum q, needed
to transfer a total amount comparable to the DM momentum ∼ √

m1T .

Appendix B: DM − DM Chemical Decoupling

Here, we provide more discussion regarding DM downscattering χ2χ2 → χ1χ1. To begin, we calculate the cross
section in the limit that mA′ ≫ √

s to be

σ2→1 ≃ 2πα′ 2

3sm4
A′

√
s− 4m2

1

s− 4m2
2

[
7s2 − 4s (4m2

1 + 4m2
2 + 3m1m2) + 76m2

1m
2
2

]
. (B1)

To evaluate the thermal average ⟨σv⟩2→1, we use Eq. 3.8 of Ref. [61]. In the limit that δ ≪ Tχ ≪ m1 or Tχ ≪ δ ≪ m1,
we arrive at Eq. 21. The corresponding downscattering rate of Eq. 12 is then given by Γχ = n2 ⟨σv⟩2→1, where
n2 = e−δ/Tχ n1.

Appendix C: Upscattering in the Milky Way Halo

Since upscattering χ1χ1 → χ2χ2 converts kinetic energy into mass energy, it causes particles to fall more deeply
into gravitational wells, enhancing the central density of halos, analogous to the dynamics associated with dissipative
reactions. This was noted in the detailed numerical simulations of Ref. [36], where it was found that enhanced central
densities from upscattering can counteract coring from general scattering-induced heat transport throughout the halo.
Here, we provide a brief semi-analytic discussion of the central density enhancement from upscattering, leaving a more
dedicated analysis to future work.

We denote the total energy of an initial χ1 particle as E = m1 + T + U , where T and U are its kinetic and
gravitational potential energy, respectively. For convenience, let us rewrite this as E = m1 + Ẽ, where Ẽ ≡ T + U .
Using the virial theorem, T = − 1

2U , we can rewrite Ẽ solely in terms of the gravitational energy at radius r,

Ẽ =
1

2
U = −GMenc(r)m1

2r
, (C1)

where Menc(r) is the total Galactic mass enclosed within r. Using that the total energy E is conserved as χ1 upscatters
and converts into the slightly heavier state χ2, we can relate the change in Ẽ to the change in mass mχ of the particle,

dẼ

dt
= −dmχ

dt
= −Γ1→2 δ , (C2)

where Γ1→2 = n1 ⟨σv⟩1→2 is the upscattering rate per χ1 particle. Alternatively, the change in Ẽ can be rewritten
using the chain rule as

dẼ

dt
=
dẼ

dr

dr

dt
=
GMenc(r)m1

2r2
dr

dt
, (C3)
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where we used Eq. C1 in the last equality. Equating Eqs. C2 and C3, we have that the change in radius from
upscattering is given by

dr

dt
≃ −2Γ1→2

δ

m1

r2

GMenc(r)
. (C4)

Given a general profile for the enclosed mass Menc(r) and an initial radius ri = r(0) at t = 0, Eq. C4 can be
solved for the radius today r(tmw). This can then be inverted to obtain ri(r). Since upscattering does not change
total particle number, we then relate the initial number density profile at early times ni(ri) to the profile today n(r)
via ni(ri) r2i = n(r) r2. Thus, to leading order in the mass-splitting, the mass density profiles are similarly related
ρi(ri) r

2
i ≃ ρ(r) r2. The final form of the mass density profile is then determined by

ρ(r) ≃
(
ri(r)

r

)2

ρi
[
ri(r)

]
, (C5)

where the function ri(r) is determined from Eq. C4, as described above. We have found that Eq. C5 accurately
captures the salient features found in the “endothermic up-scattering” simulation of Ref. [36]. However, note that the
above analysis does not incorporate the full set of dynamics, as it only allows for χ1 → χ2 conversion and not the
reverse process.
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