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It’s Wildly Successful
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So we’re done…
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MPlanck ⇡ 1019 GeV
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v = 246GeV

Higgs mass not protected by any symmetry
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Why is the weak scale so small?



Gauge hierarchy problem: Higgs mass is sensitive to the highest
scales that it couples to  (Planck scale, GUT scale…)

Not just loop corrections! Problem in any theory 
where the Higgs mass is calculable 

Image: Flip Tanedo

Why is the weak scale so small?
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Why is the weak scale so small?



Why is the weak scale so small?

- Weak scale SUSY seems unlikely to solve hierarchy problem
- New QCD charged particles must be few TeV+

2025: we live in an era of vastly broader priors about new physics 



However, weak scale alone is barely probed to ~ 200 GeV

Why is the electroweak scale so small?

Many great reasons to go TeV — see Matt Baumgart’s talk



Do we live in the true vacuum?
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Figure 3: Evolution of the Higgs coupling �(µ) and its beta function, eq. (50), as a function of the
renormalization scale, compared to the evolution of the e↵ective coupling �e↵(h), defined in eq. (51),
as a function of the field value. Left: curves plotted for the best-fit value of Mt. Right: curves
plotted for the lower value of Mt that corresponds to �(MPl) = 0.

The factor

�(h) ⌘

Z
h

Mt

�(µ) d lnµ , (54)

where � ⌘ d lnh/d lnµ is the Higgs field anomalous dimension, takes into account the wave-

function renormalization. We have also defined rp ⌘ ln[pe2�(h)].

The di↵erence �e↵(h) � �(h) is positive, as illustrated in fig. 3. As a result [9], at a

given field value the potential is more stable than what guessed from the naive expectation

based on the RG-improved tree-level potential in eq. (49), with µ = h. We finally notice

that the di↵erence �e↵(h) � �(h) gets suppressed at large field values, especially when �

reaches its minimum close to the Planck scale. This is expected according to the following

two observations: 1) the di↵erence between �e↵ and � can be reabsorbed by a shift in the

scales at which the two couplings are evaluated, up to finite two-loop corrections; 2) this

shift has a small impact at large field values given the corresponding vanishing of �� (see

fig. 3).
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SM loop corrections predict 
quartic runs negative in UV 

Degrassi++ 1205.6047

initial value of � such that at some scale ⇤0

�(⇤0) = ��(⇤0) = 0 , �� =
d

d lnµ
�(µ) . (50)

This is indeed the condition analyzed in ref. [20]. In principle, a more accurate determination

of the minimalMh ensuring vacuum stability is obtained taking into account the full structure

of the Higgs potential at the two-loop level. In practice, the determination of Mh obtained

by the condition (50) di↵ers by about 0.1 GeV from the one determined by the absolute

stability of the RG-improved two-loop potential.

In the following we are interested also in analyzing the shape of the Higgs potential close

to the Planck scale and in the scale where the instability occurs (as a function of Mh and

Mt). To this purpose, the study of the RG evolution of � is not su�cient and the complete

structure of the e↵ective potential at the two-loop level plays a significant role. As pointed

out in [9], one can always define an e↵ective coupling �e↵(h) such that for h � v the two-loop

e↵ective potential assumes the form

Ve↵(h) =
�e↵(h)

4
h4 . (51)

The explicit two-loop result for �e↵(h) can be easily obtained from the two-loop potential

and is given in the appendix. We report here the simplified expression obtained when, in

the two-loop term, we take into account only the contributions from the strong and the top

Yukawa couplings2 [9]:

�e↵(h) = e4�(h)
(
�(h) +

1

(4⇡)2

X

p

Np
2
p
(rp � Cp) (52)

+
1

(4⇡)4
y4
t


8g2

s
(3r2

t
� 8rt + 9)�

3

2
y2
t

✓
3r2

t
� 16rt + 23 +

⇡2

3

◆��
.

Here all couplings are evaluated at the scale determined by the field value (µ = h), the index

p runs over particle species, Np counts degrees of freedom (with a minus sign for fermions),

the field-dependent mass squared of species p is m2
p
(h) = µ2

p
+ ph2 and Cp is a constant.

The values of {Np, Cp, µ2
p
,p} within the SM are:

p t W Z h �
Np �12 6 3 1 3
Cp 3/2 5/6 5/6 3/2 3/2
µ2
p

0 0 0 �m2
�m2

p y2
t
/2 g2/4 (g2 + g02)/4 3� �

(53)

2At high scales, the electroweak gauge couplings g0 and g become comparable in size to yt and gs (see
fig. 1), but their contribution to �e↵(h) turns out to be numerically small so that eq. (52) is a very good
approximation.
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Figure 1. Illustration of vacuum decay for a potential with a metastable vacuum at the origin.

1 Introduction

One of the most striking results of the discovery of Higgs boson [1, 2] has been that its

mass lies in a regime that predicts the current vacuum state to be a false vacuum, that

is, there is a lower energy vacuum state available to which the electroweak vacuum can

decay into [3, 4]. That this was a possibility in the Standard Model (SM) has been known

for a long time [5–10]. The precise behavior of the Higgs potential is sensitive to the

experimental inputs, in particular the physical masses for the Higgs and the top quark

and also physics beyond the SM. The current best estimates of the Higgs and top quark

masses [11],

Mh = 125.18 ± 0.16 GeV, Mt = 173.1 ± 0.9 GeV, (1.1)

place the Standard Model squarely in the metastable region.

As in any quantum system, there are three main ways in which the vacuum decay

can happen. They are illustrated in Fig. 1. If the system is initially in the false vacuum

state, the transition would take place through quantum tunneling. On the other hand,

if there is su�cient energy available, for example in a thermal equilibrium state, it may

be possible for the system to move classically over the barrier. The third way consists of

quantum tunneling from an excited initial state. This is often the dominant process if the

temperature is too low for the fully classical process. All three mechanisms can be relevant

– 2 –
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Figure 7. Stability diagram of the Standard Model vacuum state in the pole masses Mt, Mh of the
top quark and Higgs boson respectively. Ellipses show the 1�, 2�, 3� confidence intervals for Mt and
Mh around their central values from Ref. [11]. In the green region, the current vacuum is absolutely
stable, in the yellow region it satisfies the bound (5.9), and in the red region it is so unstable that
it would not have survived until the present day. The instability boundary includes gravitational
backreaction [174] and is shown for ⇠ = 0 and ⇠ = ±1000 of the non-minimal curvature coupling.
The blue dashed line shows the instability bound (5.62) obtained by taking the thermal history of
the Universe into account [185] and assuming a high reheat temperature TRH = 1016 GeV. For
lower reheat temperatures, the instability bound becomes weaker, and approaches the red dotted
line as TRH ! 0.

This is weaker than Eq. (5.9), but because of the very strong dependence of �0 on the top

and Higgs masses, it does not change the stability constraints on them significantly.

5.3 Inflation

Although most of the spacetime volume of our past lightcone comes from the late times,

the vacuum decay rate �(a) was much higher in the very early Universe. Depending on

the cosmological scenario, it can be high enough to violate the bound (5.7), and this can

be used to constrain theories.

The earliest stage in the evolution of the Universe that we have evidence for is inflation,

a period of accelerating expansion, which made the Universe spatially flat, homogeneous

and isotropic and also generated the initial seeds for structure formation. In simplest

models of inflation, the energy density driving it is in the form of the potential energy

V (�) of a scalar field � known as the inflaton. The inflaton field is nearly homogeneous,

– 41 –

Markkanen, Rajantie, Stopyra 2018

Extrapolating potential, assuming only SM interactions might imply that 
our vacuum is only metastable on cosmological timescales

Do we live in the true vacuum?
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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="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>
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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>
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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>
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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>
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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>
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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>
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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>
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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
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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>�
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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>�
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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>�
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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>�
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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>�
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FIG. 1: A
timeline of key events in the cosmic history of iDM. At early times, coannihilations
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!

SM
SM

freeze out at a temperature much greater than the mass-splitting
T
fo

�
�, leaving behind roughly equal

�
1,2 popu-

lations with a
�
2 number fraction

f
2 =

n
2 /(n

1 +
n
2 )

'
1/2. After freeze-out,

�
2 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

T
kd . At later times, the heavier state continues to be depleted more

rapidly through
�
2�

2
!

�
1�

1 downscattering until decoupling at a DM
temperature of

T dec�
, 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
�
1�

1
!

�
2�

2 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
�
1�

2
!

SM
SM

in the Milky Way whenever the effective Galactic temperature of DM
satisfies

T
mw &

T dec�
. If the

�
2 population becomes appreciable in the Galaxy, then

�
1�

2
!

�
1�

2 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,

�
1 and

�
2 ,

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
�
1

and
�
2 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
�
2 state in favor of the lighter

�
1 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

�
1 in

the Milky Way is sufficiently large to undo this

exponential suppression at late times and thus regener-

ate a population
of upscattered

�
2 excited

states that

are detectable through
their subsequent coannihilation

to visible states,
�
1�

2
!

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]. W
hile such work

New particles can appear in loops

…or in  tree level interactions (e.g. 2HDM)
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Figure 2. Expected relative precision (%) of the ω parameters in the kappa-3 scenario described
in Section 2. For details, see Tables 4 and 5. For HE-LHC, the S2’ scenario is displayed. For
LHeC, HL-LHC and HE-LHC a constrained ωV → 1 is applied.

we see a slight correlation between ωZ and ωW (30%), and a similar correlation between
these and the untagged branching fraction (30-50%). The correlations between ωb, ωω , ωg

and ωW are mild, with the largest value corresponding once again to ωb and ωω (74%). In
this case there is also no strong correlation between the untagged branching fraction and
the couplings, with the largest correlation corresponding to ωZ (50%), followed by ωb (30%).
Again an anti correlation (-20%) is seen for ωZε . For CLIC3000 the situation is markedly
di!erent, with large correlations between ωZ and ωW (80%), and between the untagged
branching fraction and ωZ , ωW and ωb (90%, 80%, 70% respectively). The correlations
between ωb, ωZ , ωω , ωg and ωW are not negligible, with the highest corresponding to ωb and
ωW (70%). In this case, ωb and ωω are correlated to 45%. These correlations can be seen
graphically in Figure 14 in the Appendix.

The results of the kappa-3 benchmark scenario are also presented graphically in Fig-
ure 2. Note that while hadron colliders and lepton colliders are shown together, the caveat
that a bound on |ωV | → 1 is required for HL-LHC, HE-LHC and LHeC still applies. Pa-
rameters fixed to the Standard Model value are not displayed.

Intrinsic theoretical uncertainties for future lepton colliders are omitted in Tables 3, 4
and 5. Their e!ect is discussed in detail in Section 3.5.
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Have we actually seen the SM Higgs?
Future colliders are our only hope for ever understanding Higgs sector
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Have we already seen WIMPs?
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FIG. 10: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

ing to a statical preference for such a component at the
level of ⇠17�. In Fig. 8, we show the spectrum of the
dark-matter-like component, for values of � = 1.2 (left
frame) and � = 1.3 (right frame). Shown for compari-
son is the spectrum predicted from a 35.25 GeV WIMP
annihilating to bb̄. The solid line represents the contribu-
tion from prompt emission, whereas the dot-dashed and
dotted lines also include an estimate for the contribution
from bremsstrahlung (for the z = 0.15 and 0.3 kpc cases,

as shown in the right frame of Fig. 2, respectively). The
normalizations of the Galactic Center and Inner Galaxy
signals are compatible (see Figs. 6 and 8), although the
details of this comparison depend on the precise mor-
phology that is adopted.

We note that the Fermi tool gtlike determines the
quality of the fit assuming a given spectral shape for
the dark matter template, but does not generally provide
a model-independent spectrum for this or other compo-

Goodenough, Hooper
 0910.2998 1010.2752 

Highly significant gamma ray excess in GC

Consistent with weak scale WIMP

Also consistent with emission from 
100,000 faint millisecond pulsars

Daylan++ 1402.6703

Millisecond Pulsars and The Galactic Center 
Gamma-Ray Excess

Arguments in Favor of Pulsars:
§ The gamma-ray spectrum of observed pulsars
§ Claims of small-scale power in the gamma-ray    

emission from the Inner Galaxy
§ Claims that the excess traces the Galactic Bulge/Bar
Small-scale power
in the gamma-ray emission from the Inner Galaxy

Dan Hooper – Status of the GC Gamma-Ray Excess 

Cholis, Zhong, McDermott, Surdutovich (2021)

Fist, Park, Rodd, Schoen, Wolf 2507.17804

Boddy++  2401.05327Dwarf limits are interesting but inconclusive

Manconi Eckner Calore Donato 2511.03350

See Christopher Eckner’s talk 

https://arxiv.org/abs/0910.2998
https://arxiv.org/abs/1010.2752
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<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

<latexit sha1_base64="KWzY2bLzO31lK/gWLvxnXW12sCk=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVaa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwBxp2M7w==</latexit>

a

<latexit sha1_base64="XfwCK5zZDdPU0ydowFOpTzy/11w=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVw16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDzjGM9A==</latexit>

f

<latexit sha1_base64="XfwCK5zZDdPU0ydowFOpTzy/11w=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVw16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDzjGM9A==</latexit>
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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>
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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>
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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>
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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

<latexit sha1_base64="IQW8SEQo4vf6qI3+qQG1jDS+PGE=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsK9gHtUDJppg1NMiHJFMrQj3DjQhG3fo87/8a0nYW2HrhwOOde7r0nUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx41TZJqQhsk4YluR9hQziRtWGY5bStNsYg4bUWj+5nfGlNtWCKf7ETRUOCBZDEj2Dqp1R1jrYasV674VX8OtEqCnFQgR71X/ur2E5IKKi3h2JhO4CsbZlhbRjidlrqpoQqTER7QjqMSC2rCbH7uFJ05pY/iRLuSFs3V3xMZFsZMROQ6BbZDs+zNxP+8Tmrj2zBjUqWWSrJYFKcc2QTNfkd9pimxfOIIJpq5WxEZYo2JdQmVXAjB8surpHlRDa6rV4+XldpdHkcRTuAUziGAG6jBA9ShAQRG8Ayv8OYp78V79z4WrQUvnzmGP/A+fwB+io+w</latexit>
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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>
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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>
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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

5

e+

e�

�

�⇤

A0 ��

e±

e±

�

�⇤

A0

�

5

e+

e�

�

�⇤

A0 ��

e± e±

��⇤

A0

�

5

e+

e�

�

�⇤

A0 ��

e± e±

��⇤

A0

�

�⇤ �

��⇤

A0

<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

<latexit sha1_base64="IQW8SEQo4vf6qI3+qQG1jDS+PGE=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsK9gHtUDJppg1NMiHJFMrQj3DjQhG3fo87/8a0nYW2HrhwOOde7r0nUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx41TZJqQhsk4YluR9hQziRtWGY5bStNsYg4bUWj+5nfGlNtWCKf7ETRUOCBZDEj2Dqp1R1jrYasV674VX8OtEqCnFQgR71X/ur2E5IKKi3h2JhO4CsbZlhbRjidlrqpoQqTER7QjqMSC2rCbH7uFJ05pY/iRLuSFs3V3xMZFsZMROQ6BbZDs+zNxP+8Tmrj2zBjUqWWSrJYFKcc2QTNfkd9pimxfOIIJpq5WxEZYo2JdQmVXAjB8surpHlRDa6rV4+XldpdHkcRTuAUziGAG6jBA9ShAQRG8Ayv8OYp78V79z4WrQUvnzmGP/A+fwB+io+w</latexit>
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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
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Figure 1. An illustration of the key events which take place over cosmological history in the scenario presented in this study, in

terms of the evolution of the fractional abundance, fω2 , of the heavier dark matter state, ω2. After the temperature of the

dark matter has become smaller than the mass splitting, Tω ↭ εω, downscattering depletes the primordial ω2 abundance. At

late times, upscattering occurs e!ciently in the Galactic Halo (but not in dwarf galaxies) creating a new ω2 population which

generates gamma-rays through dark matter coannihilations. [AB: change label to “fω2”]

II. THE DARK MATTER SCENARIO

We begin by describing the features that are required of a model that can generate a gamma-ray signal from

DM annihilation in the Galactic Halo while also suppressing the corresponding gamma-ray flux from dwarf galaxies.

Following a conceptual overview, we provide an explicit construction of such a model in the context of a two-Higgs-

doublet scenario. We emphasize, however, that the relevant phenomenology could potentially be realized within a

broader class of DM models.

A. Conceptual Overview

As noted above, we will focus on a model in which the DM consists of two distinct states, ω1 and ω2, with a small

mass splitting (commonly referred to as inelastic DM [43]). A gamma-ray signal is generated in this model only

through the coannihilations of these two states, requiring both to be present. As schematically depicted in Fig. 1, in

our model, the following sequence of events play out over cosmological history:

• Freeze out via heavy-light coannihilation

The process of ω1-ω2 coannihilation to SM particles establishes the DM abundance.

• Heavy state is cosmologically depleted

The process of ω2ω2 → ω1ω1 downscattering depletes the ω2 abundance, leaving the DM to consist overwhelmingly

of particles in the ground state, ω1.

• Dark matter in the Galactic Halo is excited into the heavy state

At late times, after structure forms, an appreciable ω2 population is regenerated in virialized objects through

ω1ω1 → ω2ω2 upscattering. Because ω2 is heavier, these reactions are sensitive to the velocity distribution

Inelastic DM with two mediators 
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within a given astrophysical system. Thus, the resulting ω2 population can be sizable in the Galactic Halo, but

parametrically suppressed in the lower-velocity environments of dwarf galaxies.

• Heavy-light coannihilation in the Galactic Halo

DM in the Galactic Halo produces gamma-rays through the process of ω1-ω2 coannihilation to SM particles.

Without a significant ω2 population present in dwarf galaxies, the gamma-ray flux from those systems is highly

suppressed.

In this discussion, it is useful to keep in mind the characteristic DM velocity dispersion in dwarf spheroidal galaxies

(dSph), in the Milky Way (MW) halo, and at the time of thermal freeze out (FO):

v
2

dSph
→ 10→9

, v
2

MW
→ 10→6

, v
2

FO
→ 10→1

. (1)

Dark matter coannihilation can only occur in regions where a sizable population of ω2 particles has been generated

through ω1ω1 ↑ ω2ω2 upscattering. These reactions are only possible if the kinetic energy of the DM exceeds the

mass splitting between these two states:

mω1v
2 ↭ mω2 ↓ mω1 ↔ εω , (2)

where v is the relative velocity of the initial state particles, ω1, and we have defined the mass splitting, εω. We therefore

focus on splittings of size

v
2

dSph
↗ εω

mω1

↗ v
2

MW
, (3)

such that DM particles can be e!ciently upscattered in the halo of the Milky Way, while this process is kinematically

suppressed in dwarf galaxies.

B. Concrete Realization

Here we present a scenario whose minimal phenomenological ingredients consist of a nearly-degenerate pair of

Majorana fermions, ω1 and ω2, split in mass by εω = mω2 ↓ mω1 ↗ mω1,2 , as well as two mediators, corresponding

to a pseudoscalar, a, and a scalar, ϑ, with masses mε ↗ mω1,2 ↗ ma. The first mediator, a, is responsible for the

process of DM coannihilation. The second, ϑ, is necessary to facilitate large DM upscattering rates at late times.

Unlike a, ϑ does not couple directly to the SM. The relevant interactions can be parametrized with the Lagrangian,

Lint = y
↑
ω ϑ ω̄1ω2 + yω a ω̄1iϖ

5
ω2 + yf a f̄iϖ

5
f , (4)

where y
↑
ω, yω, and yf are dimensionless Yukawa couplings and f is a SM fermion. Since mε ↗ ma, ω1ω1 ↘ ω2ω2

scattering reactions predominantly proceed through ϑ-exchange, which is governed by the first term in Eq. 4. As

we show in Sec. III, this process is e!cient in the early and late universe for y
↑
ω ≃ 10→2. The last two terms of

Eq. 4 instead dictate ω1ω2 ↘ ff̄ coannihilation reactions, which proceed through the exchange of an o”-shell a.1 For

this latter process to establish the DM abundance of weak-scale DM, yω → 1 ≃ y
↑
ω is needed (see Sec. III). For this

hierarchy of couplings, there is a predictive relationship between the thermal relic abundance and the magnitude of

the indirect direction signal.

In the remainder of this section, we outline a complete gauge-invariant model that realizes these ingredients, with

the o”-diagonal ω1,2 interactions of Eq. 4 arising naturally from discrete symmetries. However, we emphasize that any

model with the phenomenological features outlined above would su!ce to realize the dynamics of our scenario.

1
The general features we describe here do not strictly require two di!erent particles to mediate the annihilation and scattering processes.

For example, the model in Ref. [42] exhibits similar scattering and annihilation dynamics for MeV scale DM utilizing only one mediator

particle. However, if the same model were to be realized with weak-scale DM masses, the cross sections needed for non-trivial Galactic

upscattering rates would require non-perturbative couplings. Thus, here we invoke an additional lighter mediator to enable viable

upscattering in the Galactic Halo.
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Figure 6. The suppression in the e!ective dark matter annihilation rate, Jω/J0, for the Milky Way and dwarf galaxies, as a

function of the fractional mass splitting. For dwarf galaxies, we adopt a density and velocity profile of a Draco-like dwarf galaxy,

located at a distance between (50→ 200) kpc from the Galactic Center (closer/further distances correspond to larger/smaller

values of Jω/J0), corresponding to the shaded blue region. Here, we have adopted the model parameters given in Table I, as

well as y→
ω = y→max

ω .

section of →ωv↑ ↓ 4 ↔ 10→26 cm3 s→1. However, we note that for extremely small values of Jω/J0, other higher-order

processes may dominate over coannihilations. For instance, consider the annihilation of two ε1 particles through two

o!-shell pseudoscalars to four SM fermions, or through a loop of pseudoscalars to a pair of SM fermions. In either

case, a simple estimate predicts that such annihilation rates are at least ↗ 10→12 times smaller than the rate for

coannihilation, ωvω1ω2↑ff̄ . Since the smallest suppression to the coannihilation rate in Fig. 6 is Jω/J0 ↭ 10→6, we can

safely neglect such higher-order annihilation processes.

VI. SUMMARY AND DISCUSSION

The brightest gamma-ray signal from dark matter annihilation is expected to come from the direction of the region

surrounding the Galactic Center. That region, however, also produces a large flux of gamma-rays through a variety

of astrophysical processes and point sources, and these backgrounds can make it di”cult to robustly identify any

would-be signal of annihilating dark matter. On the other hand, the Milky Way’s dwarf spheroidal galaxies are highly

dark matter dominated systems which produce little in the way of astrophysical backgrounds. Despite the fact that

even the most promising dwarf galaxies are expected to produce a flux of gamma-rays from dark matter annihilations

that is ↗ 104 times smaller than that from the Inner Galaxy, they could be used as an important confirmation (or

disconfirmation) of a dark matter interpretation of a gamma-ray signal from the Galactic Center.

We are presently in this situation regarding the signal known as the Galactic Center Gamma-Ray Excess. This

signal is bright and statistical significant, and has a spectral shape, angular distribution, and overall normalization

which are each consistent with those expected from annihilating dark matter in the form of a ↗ 50 GeV thermal relic.

It has alternatively been suggested that these gamma-rays could arise from a large population of faint and central

concentrated millisecond pulsars. Dwarf galaxies could be instrumental in settling this debate.

In this paper, we have presented a dark matter model in which the connection between the gamma-ray flux from

the Galactic Center and from dwarf galaxies is broken. In particular, the dark matter annihilation rate in dwarf
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Two Revolutions in sub-GeV Sensitivity 

Low-energy accelerators
Fixed targets and B-factories

Low-threshold direct detection
electrons, phonons, semicondcuctors …

2

Figure 1. Schematic cartoon of DM � upscatterng a bound
nucleus in a harmonic oscillator ground state (left) into an
excited state corresponding to the production of n phonons
and possible additional ionization energy Ee from the Migdal
e↵ect (right).

typical energy deposited is

ER =

✓
q

q0

◆2

!0 =
q
2

2mN
. (3)

This is the energy expected from elastic scattering, but
here it may be interpreted as the production of a multi-
phonon state with occupation number n = (q/q0)2.

We will show that in this greatly simplified model of
a single oscillator, the distribution of phonon number is
exactly Poissonian, so that unlike elastic scattering where
only a single energy E is allowed for a given q, there is a
spread �n = q/q0 corresponding to an energy spread

�ER =

✓
q

q0

◆
!0 = q

r
!0

2mN
. (4)

This observation extends the reach of solid-state nuclear
recoil detectors to sub-GeV DM compared to previous
analyses which assumed the kinematics of elastic scatter-
ing. As a cross-check, we show that our results paramet-
rically reduce to the previously-calculated single-phonon
rate when q ⌧ q0, o↵ering a pleasing interpretation of
the single-phonon rate as an upward Poisson fluctuation
when the elastic energy is well below the phonon energy;
our results converge exactly on the expected elastic re-
coil spectrum when q � q0. Our work complements that
of [6, 7] by explicitly showing the transition between the
single-phonon and elastic regimes in a simple model (see
also [10] which considers production of multiple acoustic
phonons for q ⌧ q0). We will show that when the DM-
nucleus interaction is mediated by a heavy dark photon,
the full single- and multi-phonon spectrum can probe a
wide range of thermal relic targets, including Majorana
DM which su↵ers a velocity-suppressed cross section.

Furthermore, we argue that when a nuclear recoil in-
duces secondary ionization as in the Migdal e↵ect [11–
19] (see Fig. 1 for an illustration), the electron spec-
trum is independent of the nuclear recoil spectrum ex-
cept at the very largest kinematically-allowed ionization
energies. This result was previously known for isolated

atoms [15], but we show that it persists in a simple model
of a bound nucleus. For similar reasons, we also find that
DM-electron scattering also yields secondary phonon ex-
citations. Therefore, the multi-phonon spectrum we com-
pute should be an irreducible component of an ionization
signal in solid state detectors, and due to the Poisson tail
it may lie above the threshold of next-generation calori-
metric detectors and would help to distinguish it from
other non-particle backgrounds that create charge pairs
without accompanying recoil. Finally, our results sug-
gest a qualitatively di↵erent figure of merit for detector
materials to detect sub-GeV DM-nuclear scattering: to
maximize the sensitivity at low DM masses, large phonon
energies are preferred to maximize the Poisson fluctua-
tions when the elastic energy deposit is close to threshold.

Harmonic Oscillator Model

We consider a single nucleus of mass mN subject to a
3-dimensional isotropic harmonic oscillator potential:

Ĥ =
p̂2
N

2mN
+

mN!
2
0

2
r̂2N . (5)

The energy eigenstates are |~ni, where ~n = {nx, ny, nz},
with energies En =

�
n+ 1

2

�
!0, where n = nx + ny + nz.

To model galactic DM particles � scattering from this
nucleus, we follow [20] and write the total scattering rate
for a detector with NT nuclear targets as

R = NT
⇢�

m�

Z
2
�p

8⇡µ2
�p

Z
d
3q

q

X

n

|f(n,q)|2⌘(v(n)min), (6)

where ⇢�/m� = 0.3 cm�3(GeV/m�) is the local DM
number density [21], Z is the atomic number of the tar-
get and �p is a fiducial DM-proton cross section; for con-
creteness we restrict our attention to a contact interac-
tion between DM and protons, but our results are easily
generalizable to other interactions. We do not include a
nuclear form factor because the momentum transfers we
consider for sub-GeV DM will always be smaller than the
inverse nuclear size, q ⌧ 1/R0 ⇠ O(10 MeV).
The dimensionless functions appearing in the rate in-

tegral are the inelastic form factor

|f(n,q)|2 =
X

nx+ny+nz=n

|h~n|e
iq·r̂N |0i|2 , (7)

and the DM inverse mean speed

⌘(v(n)min) =

Z
d
3v

v
f�(v)⇥

⇣
v � v

(n)
min

⌘
, (8)

where f�(v) is the DM velocity distribution, which we
assume to be the isotropic Standard Halo Model. Here

v
(n)
min =

n!0

q
+

q

2m�
, (9)

is the minimum DM speed needed to excite the nucleus
to harmonic oscillator level n.
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Electron Scattering Direct Annihilation Secluded Annihilation

FIG. 1. Representative Feynman diagrams that depict the processes studied in this work. Left: dark matter scattering o!
electrons. Middle: DM direct annihilation to SM particles through the kinetic mixing interaction. This process is always
kinematically allowed for DM masses compatible with a thermal freeze out origin. For mω < mA→ , this is the only allowed
annihilation channel and it sets the relic density. Right: In the absence of other interactions, for mω > mA→ , the relic density
is governed by the “secluded” annihilation channel which is independent of the A→-SM coupling ω, so there is no experimental
target. However, the freeze out mechanism is excluded in the this regime for mω < 10 GeV due to CMB limits on energy
injection

all kinematically allowed channels, ωω → f̄f . For DM
masses near the QCD confinement scale, annihilation to
hadronic final states can be modeled [5, 6]

εωω→had = R(s) εωω→µ+µ↑ , R(s) =
εe+e↑→had

εe+e↑→µ+µ↑
, (5)

where the measured R-ratio is given in Ref. [7]. As we
will see below, the viable mass range for freeze out via
direct annihilation is approximately MeV < mω < GeV,
so the total cross section can be written

↑εv↓ =
∑

ε

↑εv↓ωω→ε̄ε + ↑εv↓ωω→had , (6)

where ϑ = e, µ, ϖ and we only include kinematically al-
lowed channels.

Scalar Dark Matter

For complex scalar ω coupled to the A
↑ through

J
µ
ω = i(ω↓

ϱµω ↔ ωϱµω
↓), (7)

in the non-relativistic limit, the cross section for each
annihilation channel is [8]

εvωω↓→f̄f =
8ςφφD↼

2
m

2
ωv

2

3[(4m2
ω ↔ m

2
A)2 + m

2
A→!2

A→ ]
, (8)

where v is the relative velocity between initial state par-
ticles and we have taken the mA→ ↗ mω ↗ mf limit.
Note that this process is p-wave, so the annihilation rate
is sharply suppressed at recombination, so energy injec-
tion into the CMB does not constrain the thermal-relic
cross section [9]. In the non-relativistic limit, the direct

detection cross section o” free particle f is

εf =
16ς↼

2
φφDµ

2
ωf

m
4
A→

, (9)

where µωf is the ω-f reduced mass and we have taken
the mA→ ↗ |↽q | limit, where ↽q is the momentum transfer
to the target.

For mω < 5.3 MeV, the entropy transfer to SM parti-
cles from DM freeze out spoils the successful predictions
of big bang nucleosysnthesis (BBN) [10]

Majorana Dark Matter

If ω is a Majorana fermion coupled to A
↑ its interac-

tions are

J
µ
D =

1

2
A

↑
µω⇀

µ
⇀

5
ω , (10)

and the annihilation cross section is [8]

εvωω→f̄f =
8ςφφD↼

2
m

2
ωv

2

3[(4m2
ω ↔ m

2
A→)2 + m

2
A→!2

A→ ]
, (11)

which is also p-wave and has the same functional form as
(11). The direct detection cross section for scattering o”
electrons at rest is

εe =
8ςφφD↼

2
µ

2
ωe(3m

2
ω + 2mωme + m

2
e)v

2

m
4
A→(mω + me)2

, (12)

where v is the DM velocity.
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FIG. 2. Inelastic DM production at electron and proton beam dump experiments via dark bremsstrahlung and meson decay. The resulting
�1, �2 pair can give rise to a number of possible signatures in the detector: �2 can decay inside the fiducial volume to deposit electromagnetic
energy; both �1 and �2 can scatter off detector targets T and impart visible recoil energies to these particles; or �1 can upscatter into �2,
which can then decay promptly inside the detector to deposit a visible signal. 7
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FIG. 3. Inelastic DM production at electron beam fixed-target missing energy/momentum experiments. Left: Setup for an LDMX style
missing momentum experiment [2, 18] in which a (⇠ few GeV) beam electron produces DM in a thin target (⌧ radiation length) and thereby
loses a large fraction of its incident energy. The emerging lower energy electron passes through tracker material and registers as a signal event
if there is no additional energy deposited in the ECAL/HCAL system downstream, which serves primarily to veto SM activity. Right: Setup
for an NA64 style experiment in which the beam (typically at higher energies, ⇠ 30 GeV) produces the DM system by interacting with an
instrumented, active target volume [19]. As with LDMX, the instrumented region serves to verify that the beam electron has abruptly lost most
of its energy and that there is no additional SM activity downstream.

for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building1 and scalar mediators,
which mix with the Higgs are ruled out for predictive mod-
els in which DM annihilates directly to SM final states (see
Sec. II C and [26] for a discussion of this issue), so we restrict

1 A fermionic mediator coupled to the lepton portal requires additional
model building to simultaneously achieve a thermal contact through this
interaction and yield viable neutrino textures; the coupling to the mediator
must be suppressed by neutrino masses, so it is generically difficult for the
interaction rate to exceed Hubble expansion.

our attention to abelian vector mediators; a nonabelian field
strength is not gauge invariant, so kinetic mixing is forbidden.

Alternatively, the mediator could couple directly to SM
particles if both dark and visible matter are charged under
the same gauge group. In the absence of additional fields,
anomaly cancellation restricts the possible choices to be

U(1)B�L , U(1)`i�`j , U(1)3B�`i , (2)

and linear combinations thereof. In most contexts, the rele-
vant phenomenology in fixed-target searches is qualitatively
similar to the vector portal scenario, so below we will ignore
these possibilities without loss of essential generality. We
note, however, that viable models for both protophobic [27]
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FIG. 2: Schematic representation of the different DM annihilation modes (top row) and A0 decay modes for
m�/mA0 ratios. a) Secluded annihilation scenario with a visibly decaying mediator. Since the annihilation
rate is independent of the A0 SM coupling, this scenario has no thermal target and cannot be presented
on the y vs. m� plane. However, there is an active and growing program to probe dark photons in this
regime by observing their visible decay products (see [1, 11] for more details). b) Compressed region with
direct annihilation, but a visibly decaying mediator. Since the annihilation rate in this regime depends on ✏,
there is a testable thermal target; probing sufficiently small values of ✏ can decisively test this scenario. c)
Direct annihilation and invisibly decaying mediator particle. This regime will be the primary focus of this
document.

where f is a SM fermion and Qf is its electromagnetic charge.
We distinguish between two distinct annihilation regimes depicted schematically in Fig. 2

• Secluded Annihilation: For mA0 < m�, DM annihilation will predominantly proceed
through �� ! A

0
A

0, followed by A
0

! ff decays to SM fermions. However, the an-
nihilation rate in this regime is independent of the SM-A0 coupling ✏ and therefore difficult
to test since thermal freeze out can proceed even for tiny values of ✏. This regime is depicted
on the leftmost column of Fig. 2

• Direct Annihilation: For mA0 > m�, the mediator decays predominantly to DM and anni-
hilation proceeds via �� ! A

0⇤
! ff to SM fermions f through a virtual mediator. This

regime is depicted in the middle and rightmost column of Fig. 2; ; note the compressed
region in the middle column for which m� < mA0 < 2m� for which the annihilation rate
depends on ✏ but the mediator decay to DM is kinematically forbidden.

Since the cross section for direct annihilation is proportional to all the parameters in the DM
lagrangian, it is convenient to define the dimensionless interaction strength y as

�v(�� ! A
0⇤

! ff) / ✏
2
↵D

m
2
�

m
4
A0

=
y

m2
�

, y ⌘ ✏
2
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✓
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◆4
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FIG. 3: Schematic depiction of the DM signal at LDMX from (a) direct dark matter
particle-antiparticle production, (b) A

0 bremsstrahlung, and (c) invisible vector meson decay. For
A

0 bremsstrahlung, DM is produced through an on- or off-shell A
0 in the target (or the

calorimeter). In the photo-production of vector mesons, a hard photon is produced in the target,
and converts to a vector meson V in an exclusive photo-production process in the calorimeter.

of producing DM within the material of the ECal, targeting the 1013 EoT expected in the earliest184

stages of the experiment; and, the extended sensitivity of LDMX when taking 8 GeV electron185

beam data and analyzing multiple electrons per time sample to accumulate 1016 EoT.186

A. Review of models and production mechanisms187

The missing momentum DM search at LDMX is sensitive to any process in which a beam188

electron transfers most of its energy to invisible particles and receives an appreciable transverse189

kick from the production of these invisible particles. DM signals resulting in this experimental190

signature can be produced via:191

• dark bremsstrahlung, where an electron scatters off of a nucleus and produces a pair of192

DM particles either directly through an effective interaction as in Fig. 3(a), or through the193

production and decay of a mediator particle Fig. 3(b); or194

• photo-production of vector mesons, from a hard bremsstrahlung photon that scatters off of195

a nucleus, and later decays invisibly to dark matter particles via mixing with a mediator196

particle Fig. 3(c).197

These production modes can be powerful probes of the DM’s coupling to electrons and to quarks,198

with complementary strengths that depend on the details of the model considered [15].199

For our benchmark scenario, we consider direct annihilation models where the population of200

DM � is reduced in the early universe through annihilation �� ! A
0

! ff to SM fermions201

f via a vector mediator A
0. The specific nature of the DM � (e.g. scalar, fermion, single- or202

multi-component) may vary depending on the model considered and can impact relic targets, but203

generally does not alter the relevant phenomenology for the missing-momentum search. We focus204

on DM produced by dark bremsstrahlung from the decay of the new U(1) gauge boson A
0 that205

kinetically mixes with the SM and is typically called the dark photon. In the case where mA0 >206

2m�, the mediator is produced on-shell and decays primarily to DM.207

B. The 4 GeV e� beam analysis208

The baseline analysis for LDMX is designed for a data-taking period corresponding to 4⇥1014
209

electrons on target (EoT), at a 4 GeV beam energy. The event selection is designed to retain210

�
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FIG. 4. Schematic depiction of the DM signal at LDMX from (a) direct dark matter particle-antiparticle
production, (b) A0 bremsstrahlung, and (c) invisible vector meson decay. For A0 bremsstrahlung, DM is
produced through an on- or off-shell A0 in the target (or the calorimeter). In the meson signal process, a hard
photon is produced in the target, and converts to a vector meson V through an exclusive photo-production
process in the calorimeter before decaying invisibly.

multi-component) may vary depending on the model considered and can impact relic targets, but
generally does not alter the relevant phenomenology for the missing-momentum search. We fo-
cus on DM produced by dark bremsstrahlung from the decay of the new U(1) gauge boson A

0,
typically called the dark photon. The gauge coupling gD parameterizes the A

0 coupling to DM
with strength ↵D = g

2
D
/4⇡, while kinetic mixing with the SM photon gives rise to a weak electro-

magnetic interaction proportional to the mixing parameter ✏. In the case where mA0 > 2m�, the
mediator is produced on-shell and decays primarily to DM.

B. The 4 GeV e� beam analysis

The baseline analysis for LDMX is designed for a data-taking period corresponding to 4⇥1014

electrons on target (EoT), at a 4 GeV beam energy. The event selection is designed to retain
high signal efficiency while aiming to be background-free, and allows LDMX to probe several
key thermal targets in the 1-100 MeV mass range during this baseline run. A detailed discussion
of the analysis can be found in Ref. [19], which includes results for the background rejection
performance based on studies carried out with high-statistics samples of simulated events.

The DM production signal is characterized by a low-energy recoil electron, with DM carrying
away the majority of the beam energy. We select events with recoil electron energy < 1.2 GeV. The
leading source of low-energy electrons in the experiment, which can constitute a background to a
DM signal, comes from events in which the incoming electron undergoes a hard bremsstrahlung in
the target, producing a multi-GeV photon. Typically, such photons initiate electromagnetic show-
ers that deposit a large amount of energy in the ECal. However, in rare cases, processes such as
photonuclear (PN) interactions or �

⇤
! µ

+
µ

� conversions can occur in the target or ECal, result-
ing in low energy deposition in the ECal. Depending on the interaction and the secondary particles
that are produced, these backgrounds may result in a distinctive spatial profile of energy deposi-
tion in the ECal, while also producing observable hits in the HCal and/or recoil tracker. Analogous
electroproduction reactions mediated by virtual photons may also occur, e.g. electronuclear scat-
tering and muon trident production. The rates of these reactions are suppressed with respect to
the corresponding real photon-induced process. They may also lead to the presence of multiple
charged tracks in the recoil tracker, providing additional veto handles.

The baseline analysis comprises the following selection criteria:

Missing energy trigger: Signal events would be characterized by a low-energy recoil electron
and no other visible final-state particles, resulting in low energy deposition in the ECal. In

Excited State

Semi-Visible
Search

Dark Matter

FIG. 1: Illustration of representative DM production mechanisms (left) and (right)
the concepts for detecting DM production via, clockwise from left, missing X,
re-scattering, and semi-visible detection strategies.

Science Opportunities and The Road Ahead

In the past decade, a key goal of the light DM search e↵ort has been broadly
exploring DM models in the MeV to GeV mass range. The simplest, and most
WIMP-like, viable mechanism for light DM thermal freeze-out is annihilation to SM
particles via an s-channel dark photon. This model has therefore emerged as a key
benchmark model. Because DM production at (semi)-relativistic kinematics drives
both the dynamics of freeze-out and DM production at accelerators, the range of
freeze-out interaction strengths (often parametrized by a dimensionless parameter y

related to the e↵ective Fermi scale of the interaction) compatible with this mechanism
is narrow, spanning a factor of ⇠ 30 at a given DM mass (black diagonal lines in Fig.
3).

This milestone was identified as a high-priority goal for the accelerator-based pro-
gram by the Dark Matter New Initiatives (DMNI) BRN workshop [4] and subsequent
summary report. Following this, a competitive DMNI process by DOE HEP selected
two intensity-frontier projects to support, CCM200 and LDMX, to explore this mile-
stone with di↵erent timescales and complementary sensitivity. CCM200, a proton
beam re-scattering experiment at Los Alamos’ LANSCE, was completed and com-
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Electron Scattering Direct Annihilation Secluded Annihilation

FIG. 1. Representative Feynman diagrams that depict the processes studied in this work. Left: dark matter scattering o!
electrons. Middle: DM direct annihilation to SM particles through the kinetic mixing interaction. This process is always
kinematically allowed for DM masses compatible with a thermal freeze out origin. For mω < mA→ , this is the only allowed
annihilation channel and it sets the relic density. Right: In the absence of other interactions, for mω > mA→ , the relic density
is governed by the “secluded” annihilation channel which is independent of the A→-SM coupling ω, so there is no experimental
target. However, the freeze out mechanism is excluded in the this regime for mω < 10 GeV due to CMB limits on energy
injection

transfer to SM particles from DM freeze out spoils the
successful predictions of big bang nucleosysnthesis (BBN)
[4]

Direct Detection: In the non-relativistic limit, the
direct detection cross section o! free particle f is

ωf =
16εϑ

2
ϖϖDµ

2
ωf

m
4
A→

, (7)

where µωf is the ϱ-f reduced mass and we have taken
the mA→ → |ςq | limit, where ςq is the momentum transfer
to the target.
Fermion Thermal Targets Since the complex scalar
DM thermal target is excluded (except in the tuned res-
onant region), here we comment on some variations.
Majorana Fermion: If ϱ is a Majoran fermion coupled to
A

→ its interactions are

Lint = ↑gD

2
A

→
µϱφ

µ
φ

5
ϱ ↑ ϑeA

→
µJ

µ
EM, (8)

Pseudo-Dirac Fermion: If ϱ is a pseudo-Dirac fermion
coupled to A

→ its interactions are

Lint = ↑gDA
→
µϱ1φ

µ
ϱ2 ↑ ϑeA

→
µJ

µ
EM, (9)

Secluded Annihilation Regime. In the secluded
regime mω > mA→ , the annihilation cross section is [9]

ωvωω↑↑A→A→ =
εϖ

2
D

m2
ω

√

1 ↑ m
2
A→

m2
ω

, (10)

where we have taken the the mω → mA→ limit. Since this
expression is independent of the SM coupling ϑ, the ther-
mal freeze out requirement ωvωω↑↑A→A→ ↓ 10↓26cm3

/s
does not predict a thermal milestone for experimental
searches, whose signal rates all depend on ϑ. However,
since A

→ is the lightest particle in the dark sector, it

promptly2 SM particles through the kinetic mixing in-
teraction. Thus, ϱϱ

↔ ↔ A
→
A

→ annihilation reactions can
deposit visible energy into the CMB

Although DM freezes out at relatively high tempera-
tures of order T ↓ mω/20, annihilation still occurs at
much lower temperatures, even though these reactions
are no longer e”cient at changing the comoving DM
density. Unlike the direct-annihilation cross section in
Eq. (4), the secluded cross-section in Eq. (10) is velocity-
independent and does not redshift in between freeze out
at T ↓ mω/20 and recombination at T ↓ 0.75 eV.

through ϱϱ
↔ ↔ A

→
A

→ reactions, followed by visible
A

→ ↔ ff̄ decays.

↗ωv↘cmb
ωω↑↑A→A→ ≃ 4 ⇐ 10↓26cm3s↓1

fe!

(
mω

10 GeV

)
,(11)

where fe! is an ionization e”ciency factor that ranges
from 0.1 ↑ 1, depending on the SM final state. For s-
wave annihilation, the cross-section has the same value
at freeze-out as it does during recombination, so for
mω

<↓ 10 GeV, Planck data exclude complex scalar DM
in the secluded regime. Thus, scalar thermal-relic DM
is excluded for mω < 10 GeV as long as the A

→ decays
visibly
Discussion. Sub-GeV direct detection is now beginning
to test key milestones for thermal DM production in the
early universe. In the direct-annihilation regime, there is
a one-to-one correspondence between the scattering cross

2
If ω is su!ciently small, the A→

lifetime can be arbitrarily long.

However, for ω <→
√

mA→/MPl, where MPl is the Planck mass,

the ε and A→
both lose thermal contact with the SM, so thermal

freeze out is no longer viable.

Representative model: dark QED with massive dark photon A’

Similar models with anomaly free gauged U(1) mediators
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In light of recent DAMIC-M results, we present the status of scalar thermal-relic dark matter
ω coupled to a kinetically-mixed dark photon A→. In the predictive “direct annihilation” regime,
mA→ > mω, the relic abundance depends on the kinetic mixing parameter. Thus, there is a min-
imum value of this parameter compatible with the thermal freeze-out mechanism. Using a com-
bination of cosmological, direct-detection, and accelerator-based measurements, we find that the
direct-annihilation regime is now excluded for nearly all values of mω. The only exception is the
fine-tuned resonant annihilation regime where mA→ → 2mω. In the opposite “secluded annihilation”
regime where mω > mA→ , this secenario is excluded by cosmic microwave background measurements
for all mω < 20 GeV. Similar conclusions hold for scalar dark matter with other anomaly-free vector
mediators that couple to the electron.

INTRODUCTION

Thermal freeze out is the only dark matter (DM) pro-
duction mechanism that is insensitive to the initial con-
ditions of our universe. In this framework, DM is initially
in chemical equilibrium with Standard Model (SM) par-
ticles until annihilation reactions become ine!cient rela-
tive to Hubble expansion and the comoving DM density is
conserved. If DM annihilates directly to SM final states,
there is a minimum DM-SM coupling that can accommo-
date this compelling scenario.

Although freeze out has historically been associated
with the electroweak scale, under standard cosmologi-
cal assumptions, the mechanism is compatible with DM
masses anywhere in the MeV-100 TeV range.1.

Recently the DAMIC-M collaboration has placed strin-
gent new limits on the DM-electron scattering cross sec-
tion with a 1.43 kg·day exposure [1]. With this result,
DAMIC-M becomes the latest sub-GeV direct-detection
experiment to probe DM parameter space compatible
with a thermal relic origin.

In this Letter, we present the status of thermal-relic
dark matter, whose interactions with the SM are medi-
ated through a massive dark photon A

→ with the interac-
tion Lagrangian

Lint = →A
→
µ(gDJ

µ
D + ωeJ

µ
EM), (1)

where gD is the dark gauge coupling, and ω is the kinetic
mixing parameter that governs interactions through the
electromagnetic current, J

µ
EM [2].

In predictive models for which the relic density is in
one-to-one correspondence with the kinetic mixing pa-

1
If DM-neutrino equilibrium is only established after neutrino de-

coupling, the mass range can extend down to the keV-scale. If ad-

ditional entropy transfers occur after freeze-out, the mass range

can extend beyond →100 TeV

rameter, we consider three benchmark scenarios

J
µ
D =






iε
↑
ϑµε + c.c. Scalar

1
2εϖ

µ
ϖ

5
ε Majorana

ε1ϖ
µ
ε2 Pseudo-Dirac

εϖ
µ
ε Dirac (Asymm.)

(2)

which can all realize thermal freeze out through direct an-
nihilation without spoiling the good agreement between
standard cosmology and cosmic microwave background
(CMB) temperature anisotropy measurements. Here we
find that the scalar scenario is now fully excluded by a
combination of electron and nuclear recoil direct detec-
tion measurements – the only exception is the fine-tuned
resonance region mA→ ↑ 2mω.

THERMAL RELIC TARGETS

In the early universe, ε is in equilibrium with the SM
and the total DM number density nω evolves as

ṅω + 3Hnω = →a↓ϱv↔[n2
ω → (neq

ω )2], (3)

where H is the Hubble rate, n
eq
ω is the equilibrium

number density, and a = 1 or 1/2 for identical or
non-identical annihilating particles, respectively. The
thermally-averaged cross section can be written [3]

↓ϱv↔ =
1

8m4
ωTK

2
2

(mω

T

)
∫ ↓

s0

ds ϱ(s)
↗

s(s→s0)K1

(↗
s

T

)
,(4)

where ϱ(s) is thel DM annihilation cross section, Kn is a
modified Bessel function of the n

th kind, and s0 = 4m
2
ω.

Starting from nω = n
eq
ω at early times, the observed relic

density is achieved for ↓ϱv↔ ↘ 10↔26cm3s↔1 with the pre-
cise value depending on mass and spin, which introduce
variations of order unity [4].

Since A
→ couples to all charged SM species, the total

annihilation cross section is a sum of contributions from
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FIG. 2. DAMIC-M 90% C.L. upper limits (solid thick black) on DM-electron interactions through an ultra-light (left)
and heavy (right) mediator. Limits based on the QEDark calculations (solid dashed black) are included for comparison with
previous results. Also shown are the previous DAMIC-M results [22, 23] and limits from DarkSide-50 [47], PandaX-4T [48],
SENSEI [45], SuperCDMS [46], XENONnT [49], and XENON1T [50] (also reinterpreted in Ref. [51] in terms of “solar-reflected
DM”.) Theoretical expectations assuming a DM relic abundance from freeze-in and freeze-out mechanisms are also shown in
light blue [20] (the freeze-out benchmark is valid for the specific scenario of complex scalar DM with mA→ → mω).

density. Taking into account all constraints of Fig. 2
(right panel), only complex scalar DM particles with a
mass around 25MeV/c2 remain viable in this scenario.

Note that the benchmark hidden-sector predictions are
model-dependent [12] and smaller cross sections are still
possible in certain scenarios. DAMIC-M, which plans
to collect a kg-year exposure, will probe the freeze-in
scenario beyond the benchmark model up to GeV DM
masses as well as other hidden-sector scenarios with
heavy mediators that match the relic density observed
today with smaller DM-e→ cross sections than that of
the freeze-out scenario with scalar particles [12, 19].

Constraints on other processes beyond the DM-e→

scattering of Eq. (1) that produce a charge ionization
signal are reported in the End Matter.

These results demonstrate the excellent performance
of the DAMIC-M prototype detector. The CCDs feature
minimal defects and a very low dark current, allowing for
highly e!cient pixel selection. With only a few percent
change of the single e→ rate over the three months of data
collection, the detector is remarkably stable enabling a
search for daily modulation in the DM signal [23] to be
reported in a forthcoming publication. We expect to im-
prove these results by orders of magnitude with the full
DAMIC-M apparatus, soon to be installed at the LSM,
which will operate →200 CCDs under strict control of
radiogenic and cosmogenic backgrounds.
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FIG. 1. Representative Feynman diagrams that depict the processes studied in this work. Left: dark matter scattering o!
electrons. Middle: DM direct annihilation to SM particles through the kinetic mixing interaction. This process is always
kinematically allowed for DM masses compatible with a thermal freeze out origin. For mω < mA→ , this is the only allowed
annihilation channel and it sets the relic density. Right: In the absence of other interactions, for mω > mA→ , the relic density
is governed by the “secluded” annihilation channel which is independent of the A→-SM coupling ω, so there is no experimental
target. However, the freeze out mechanism is excluded in the this regime for mω < 10 GeV due to CMB limits on energy
injection

all kinematically allowed channels, ωω → f̄f . For DM
masses near the QCD confinement scale, annihilation to
hadronic final states can be modeled [5, 6]

εωω→had = R(s) εωω→µ+µ↑ , R(s) =
εe+e↑→had

εe+e↑→µ+µ↑
, (5)

where the measured R-ratio is given in Ref. [7]. As we
will see below, the viable mass range for freeze out via
direct annihilation is approximately MeV < mω < GeV,
so the total cross section can be written

↑εv↓ =
∑

ε

↑εv↓ωω→ε̄ε + ↑εv↓ωω→had , (6)

where ϑ = e, µ, ϖ and we only include kinematically al-
lowed channels.

Scalar Dark Matter

For complex scalar ω coupled to the A
↑ through

J
µ
ω = i(ω↓

ϱµω ↔ ωϱµω
↓), (7)

in the non-relativistic limit, the cross section for each
annihilation channel is [8]

εvωω↓→f̄f =
8ςφφD↼

2
m

2
ωv

2

3[(4m2
ω ↔ m

2
A)2 + m

2
A→!2

A→ ]
, (8)

where v is the relative velocity between initial state par-
ticles and we have taken the mA→ ↗ mω ↗ mf limit.
Note that this process is p-wave, so the annihilation rate
is sharply suppressed at recombination, so energy injec-
tion into the CMB does not constrain the thermal-relic
cross section [9]. In the non-relativistic limit, the direct

detection cross section o” free particle f is

εf =
16ς↼

2
φφDµ

2
ωf

m
4
A→

, (9)

where µωf is the ω-f reduced mass and we have taken
the mA→ ↗ |↽q | limit, where ↽q is the momentum transfer
to the target.

For mω < 5.3 MeV, the entropy transfer to SM parti-
cles from DM freeze out spoils the successful predictions
of big bang nucleosysnthesis (BBN) [10]

Majorana Dark Matter

If ω is a Majorana fermion coupled to A
↑ its interac-

tions are

J
µ
D =

1

2
A

↑
µω⇀

µ
⇀

5
ω , (10)

and the annihilation cross section is [8]

εvωω→f̄f =
8ςφφD↼

2
m

2
ωv

2

3[(4m2
ω ↔ m

2
A→)2 + m

2
A→!2

A→ ]
, (11)

which is also p-wave and has the same functional form as
(11). The direct detection cross section for scattering o”
electrons at rest is

εe =
8ςφφD↼

2
µ

2
ωe(3m

2
ω + 2mωme + m

2
e)v

2

m
4
A→(mω + me)2

, (12)

where v is the DM velocity.

Scalar DM with vector mediator officially ruled out by Damic-M
except for resonant annihilation mX ~ mA’ regime 

What’s left for freeze out < GeV?



Fixed-target accelerator and B-factories key to testing other DM spins
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µω2

Similar conclusions for any mediators with electron couplings (eg B-L)

What’s left for freeze out < GeV?
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Sakharov conditions (1967) 
B violation,  C & CP violation, universe out of equilibrium 

Many candidates (GUT baryogengesis, leptogenesis…)
Typically very heavy particles, hard to test!
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FIG. 2. Summary of the mechanism of baryogenesis and dark matter from B mesons [1], i.e. B-Mesogenesis. Adapted from
Figure 1 in [1].

refine the predictions for B-meson observables. Sec. III
is devoted to the study of the implications of current
and upcoming measurements of CP violation in mixing
in B0

d and B0
s mesons. In particular, we use these mea-

surements to set a theoretical lower bound on Br(B !
 B M). In Sec. IV, we review the current experimen-
tal limits on B !  B M decays and comment on the
prospects for B factories and LHC experiments. Next,
in Sec. V we consider the various collider implications of
the new bosonic mediator needed to trigger the new de-
cay mode B !  B M, including dijet and jet plus MET
signatures of color-triplet scalars, as well as flavor mixing
constraints. After discussing the interplay of the di↵erent
searches in Sec. VI, we conclude in Sec. VII by summa-
rizing our main results and outlining various avenues for
future work.

II. B-MESOGENESIS

In this section, we explore how allowing B mesons to
decay into a baryon and dark matter can lead to the gen-
eration of the baryon asymmetry and the dark matter of
the Universe. We begin by briefly reviewing the mecha-
nism presented in [1], while referring to Appendix VIII A
for a detailed discussion of the cosmological dynamics.
We then continue by describing the new particles and
interactions necessary for the mechanism, with the goal
of finding theory-motivated benchmark points for experi-
mental searches. This includes the minimal particle con-
tent required to trigger the new decay mode of B mesons
in all its possible flavorful variations. We refer to [1] for
more detailed and alternative discussions.

A. The Mechanism in a Nutshell

In the late 1960’s, Sakharov outlined the three con-
ditions that must be satisfied in the early Universe in

order for it to evolve into what we observe today: a Uni-
verse in which matter dominates over antimatter. These
Sakharov conditions [19] are: (i) C and CP violation.
Matter and antimatter need to interact di↵erently if an
excess of one over the other is to be generated. (ii) Depar-

ture from thermal equilibrium. In thermal equilibrium,
even if C and CP are violated, the rates of particle and
antiparticle production and destruction are equal. Thus,
the system must be out of thermal equilibrium so that
the rate of producing particles is larger than that of an-
tiparticles. (iii) Baryon number violation. One requires
interactions which violate baryon number if an excess of
baryons over antibaryons is to be generated in the early
Universe.

The mechanism of B-Mesogenesis addresses each of the
Sakharov conditions as follows:

(i) C and CP violation. The most novel feature of [1]
is to leverage the C and CP violation within the
oscillations in the SM neutral B meson systems.

(ii) Departure from thermal equilibrium. It is assumed
that the early Universe is dominated by a combina-
tion of radiation and a very weakly coupled scalar
particle, �, with mass M� & 11 GeV and a lifetime
of ⌧� ⇠ 10�3 s4. The � particle predominantly de-
cays into b quarks, and in doing so reheats the Uni-
verse at temperatures TR ⇠ 20 MeV. Given that
T < TQCD ⇠ 200 MeV during this era, the pro-
duced b quarks quickly hadronize to yield a substan-
tial population of B mesons in the early Universe:
nB/n� ⇠ 10 ⇥ TR/M� ⇠ 0.02. This population of B
mesons is in this way out of thermal equilibrium.

4 These values are roughly those expected for a pseudo-Goldstone
boson with Planck suppressed interactions with matter, see
e.g. [45]. Note that these values imply that it is hopeless to
produce the � particle at colliders since the coupling to matter
would be . 10�10.
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FIG. 4. The decay of the B+ meson to the lightest possible baryon as triggered by the four di↵erent flavor operators given
in Eq. (15). Note that any of the four can lead to successful baryogenesis and dark matter production. As usual, the light
dark sector antibaryon  would appear as missing energy in the detector, and Y is a heavy color-triplet scalar mediator with
MY > 1.2TeV (see Sec. V).

search [80] for events with large missing energy arising
from b-flavored hadron decays at the Z peak (which
yield constraints at the Br(B !  B M) . 10�4 � 10�2

level for the relevant range of the dark sector antibaryon
mass).

1. Inclusive Considerations

The reasoning presented in [1] regarding inclusive mea-
surements of B meson decays can be refined to ob-
tain firmer bounds. Given some reasonable assumptions,
these apply to the di↵erent flavor final states possible in
the b̄ !  uidj decay. Firstly, the PDG [64] reports a
measured inclusive rate of

Br(B ! p/p̄ + anything) = (8.0 ± 0.4) % , (26)

where here B refers to an admixture of B+, B�, B0
d and

B̄0
d mesons. If we assume that the process B !  B M

produces the same number of protons as neutrons (which
is reasonable based on isospin symmetry), we can use
Eq. (26) to find a 95% CL upper bound

Br(B !  + Baryon + Mesons) < 8.7 % . (27)

Other measurements of the inclusive decay rate of B
mesons into baryons can be used to set appropriate upper
limits on each flavor variation of these new decays modes.
The relevant averages as reported by the PDG [64] are10

Br(B ! p/p̄(dir) + anything) = (5.5 ± 0.5) % , (28a)

Br(B ! ⇤/⇤̄ + anything) = (4.0 ± 0.5) % , (28b)

Br(B ! ⇤+
c /⇤

�
c + anything) = (3.6 ± 0.4) % , (28c)

Br(B ! ⌅0
c + anything) = (1.4 ± 0.2) % , (28d)

where (dir) means that the secondary protons from ⇤
baryon decays have been subtracted. In order to obtain
Eq. (28d), we have additionally made use of the measure-
ment Br(B ! ⌅0

c + anything) ⇥ Br(⌅0
c ! ⌅� + ⇡+) =

(1.9 ± 0.3) ⇥ 10�4 [64] (see also [84]) as well as the very

10 These are based on measurements by ARGUS [81] and CLEO [82]
for Eqs. (26), (28a), and (28b), by BaBar [83] for Eq. (28c), and
by BaBar [84] for Eq. (28d).

recently measured absolute branching fraction Br(⌅0
c !

⌅� +⇡+) = 1.43±0.32 % [64] (see also the original study
by Belle [85]).

Eq. (28) can be used to constrain the operators that
lead to new B meson decays provided that an assumption
regarding the final-state hadronization is made. A prob-
lem arises since these bounds apply to an admixture of B
mesons, thus the final state baryons could be produced
by any of the B mesons depending upon the emission of
other charged light mesons. To illustrate the issue, let
us take for concreteness the case of Eq. (28c). From the
third diagram in Fig. 4, we clearly see that the B+ me-
son can contribute to this inclusive rate. However, this is
only the case if no charged pions are emitted: if a ⇡+ is
produced, the ⇤ baryon must be neutral and the decay is
not included in the inclusive measurement. However, we
can assume that the probability for this charged pion to
be emitted is the same as for an oppositely-charged pion
to be emitted in the decay of a B0

d. If this is the case, then
the B0

d !  ⇤+
c ⇡

� process contributes to the inclusive
channel with a similar rate as the one that was excluded.
It is reasonable to assume that the emission of these light
mesons is independent of the B meson that is decay-
ing, given that B+, B0

d, and B0
s all have approximately

the same mass, and that the masses of the relevant light
charged and neutral hadrons are similar. Under this as-
sumption, we can indeed assume that the new decays of
the b and b̄ quarks contribute to Eq. (28). Therefore,
assuming the errors in Eq. (28) to be Gaussian, we can
obtain the following 95% CL upper limits for the flavor-
ful decays of B mesons into baryons and missing energy
as generated by the interactions in (15):

Br
�
b̄ !  ud

�
. 6 % , from Eq. (28a) , (29a)

Br
�
b̄ !  us

�
. 5 % , from Eq. (28b) , (29b)

Br
�
b̄ !  cd

�
. 4 % , from Eq. (28c) , (29c)

Br
�
b̄ !  cs

�
. 2 % , from Eq. (28d) . (29d)

These bounds should, however, be taken with a word of
caution given the assumptions that have been made to
obtain them. We note that the above bounds could be
slightly improved by subtracting o↵ from Eq. (28) the
contribution from measured exclusive B meson decays
with a baryon in the final state. However, the total sum
of the branching fraction for such processes is still far
from the upper limit and doing so would not lead to

Low scale baryogengesis 
Universe reheats to MeV scale
B mesons oscillate/decay before thermalization 
Predict DM and hadrons in rare decays @ LHC 



Dark Matter

Baryogenesis

Dark Energy

Inflation 

Must-solve problems Troubling, but not obligatory

The Incomplete Standard Model

Hierarchy Problem

Cosmological Constant 

Flavor Puzzle

Strong CP ProblemNeutrino Masses

Initial Conditions



What is dark energy?

Figure 4 presents constraints on these alternative
models as defined in Table II, i.e.: Barboza-Alcaniz
(BA) [102,103], exponential (EXP)3 [104,105], logarithmic
(LOG) [103] and Jassal-Bagla-Padmanabhan (JBP) [106],
alongside the Chevallier-Polarski-Linder (CPL) in blue for
comparison. The shaded bands, representing 1σ uncertain-
ties, are derived from a combination of DESI, CMB, and
Union3. With the exception of JBP, all models exhibit
similar low-redshift behavior, including a phantom crossing
near z ∼ 0.5. In Table II, we present the alternative func-
tional forms of wðaÞ and Δχ2 values relative to ΛCDM,
showing that BA, CPL, LOG, and EXP provide statistically
comparable fits to the data. The functional form of the
JBP parametrization, which forces it to assume identical
early- and late-time behavior, results in a slightly poorer fit.
These findings confirm that constraints from CPL are
broadly representative of the alternative w0wa models
considered, with no significant improvement observed
for any alternative form. This suggests that current data
lack the sensitivity to distinguish between these paramet-
rizations at z > 2, a conclusion that remains unchanged
across different SNe Ia datasets.

B. Crossing statistics

Rather than exploring different redshift evolutions for
wðzÞ, one can instead gauge the impact of introducing
additional degrees of freedom in the DE characteristics.
Following the methodology detailed in Ref. [43], we
expand the equation of state of dark energy wðzÞ in terms
of Chebyshev polynomials (see also Refs. [107–110]),

wðzÞ ¼ −
XN

i¼0

CiTiðxÞ; ð11Þ

where Ci are free coefficients, and TiðxÞ4 are Chebyshev
polynomials of the first kind, forming a complete basis for
continuous functions in the large-N limit, althoughN ≃ 3 is
generally sufficient to capture smooth functions. We note
that ΛCDM is recovered for C0 ¼ 1 and Ci>0 ¼ 0.
Alternatively, one may want to work with the normalized
dark energy density fDEðzÞ instead, as follows:

fDEðzÞ ¼
XN

i¼0

CiTiðxÞ: ð12Þ

Expanding in fDEðzÞ offers the advantage of allowing the
(effective) energy density ρDEðzÞ to change sign, thereby
encompassing a broader class of models [111–114],
including modified gravity scenarios [115–118] and com-
plex dark sector interactions that are difficult to capture
with a parametrized wðaÞ.5 We note that the expansion in
Eq. (12) has 1 less degree of freedom relative to that of
Eq. (11), as all samples must satisfy fDEðz ¼ 0Þ ¼ 1.
The top panel of Fig. 5 shows the reconstructed wðzÞ for

the DESIþ ðθ%;ωb;ωbcÞCMB combination, with (blue) and
without (orange) SNe Ia data from the Union3 compilation.
The bottom panels show the reconstructed fDEðzÞ. It is
noteworthy that not only do the expansions in wðzÞ and
fDEðzÞ yield similar behaviors independently of SNe Ia
data, but they also agree with the main results obtained
using the w0waCDM parametrization [47], as shown in
Fig. 2. This consistency further strengthens the robustness
of the results.
While these results perfectly align with the w0waCDM

results, the expansions in Eqs. (11) and (12) offer greater
flexibility, enabling it to capture features in the evolution of
dark energy beyond the linear parametrization given by
Eq. (3). Despite this additional flexibility—and also

TABLE II. Δχ2MAP values relative to ΛCDM for alternative
w0wa parametrization using DESIþ CMBþ Union3.

Param. Functional form Δχ2

BA w0 þ wa
1−a

a2þð1−aÞ2 −17.3
EXP ðw0 − waÞ þ wa expð1 − aÞ −17.5
LOG w0 − wa ln a −17.6
JBP w0 þ waað1 − aÞ −13.6
CPL w0 þ wað1 − aÞ −17.4

FIG. 4. Dark energy equation of state wðzÞ for alternative w0wa
parametrizations—BA, EXP, JBP, and LOG—is illustrated
alongside the standard CPL form (shown in blue). The constraints
integrate data from DESI, Union3 SNe, and CMB observations,
with shaded regions representing 1σ uncertainty bands. All
parametrizations except JBP exhibit consistent phantom crossing
near z ∼ 0.5 and provide a similarly good fit to the data.

3In the numerical implementation we truncate at third order in
Taylor expansion.

4Note that the redshift interval relevant for observa-
tions z∈ ½0; 3.5' is mapped to x∈ ½−1; 1', where the
Chebyshev polynomials are defined.

5In principle, a pole in the wðzÞ may allow the effective energy
density to alter its sign. However, such divergences do not
necessarily indicate that the ρDEðzÞ crosses zero. [119].

EXTENDED DARK ENERGY ANALYSIS USING DESI DR2 BAO … PHYS. REV. D 112, 083511 (2025)
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Is it an evolving fluid as suggested by interpretation of DESI  data?
If so, it’s very exciting! … and makes the CC problem even worse

See Plenary: Ali Rida Khalife 



Why is the Cosmological Constant tiny?
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What sets the initial conditions?
4

FIG. 2. Shaded regions show the presently allowed strength of a locally scale-invariant primordial curvature power spectrum
PR(k), as a function of co-moving scale k. Our newly derived limits from UCMHs due to CMB accretion (blue), wide binary
evaporation (olive) and ICARUS lensing observations (light green) are discussed in detail in the text. We also present updated
constraints deriving from PTAs (black), as well as existing CMB y and µ distortion constraints applied to the form of PR(k)
assumed here (red). For comparison, we further show existing constraints at large scales (purple) deriving from CMB and
Lyman-ω observations [1, 64], as well as PBH bounds [7] that extend to very small scales (grey).

spectrum is well measured by observations of the CMB
temperature fluctuations and the Lyman-ω forest. Here
we show results from Ref. [64] for the former, based on
Planck data [73], and from Ref. [3] for the latter.

DISCUSSION

We have demonstrated that the formation of UCMHs
leads to highly competitive constraints on PR(k) down
to scales k → 105 kpc. Remarkably, these constraints
do not depend on interactions between DM and ordi-
nary matter and hence apply to any collision-less and
su!ciently cold DM candidate (in particular, these con-
straints only apply below the scale of free streaming or
kinetic decoupling [74], k < kD, for DM particles that
have been in thermal equilibrium in the early universe
– though it should be stressed that the complementary
constraints shown in Fig. 2 also assume that there are no
additional physical processes washing out PR(k) on sub-
horizon scales ). We emphasize that we have followed
a very conservative approach by restricting our analysis
to objects that have fully collapsed very early, before a
redshift of zc = 1200. Notably, this considerably sim-
plifies the analysis as it largely avoids complications due
to potential changes in the inner density profile or tidal
disruption a”ecting the survival probability at later for-

mation times.

Still, even significantly smaller initial density contrasts
than considered here would imply perturbations that en-
ter the non-linear regime well before the onset of standard
structure formation. While UCMHs forming at zc ↭ 1000
no longer e!ciently contribute to the CMB accretion
bounds, both wide binary evaporation and the Icarus ob-
servation therefore generally lead to significantly stronger
limits than what we reported in Fig. 2. Due to the afore-
mentioned e”ects, however, such more aggressive limits
should be considered less robust. To a much lesser de-
gree, our constraints are a”ected by other assumptions
about the UCMH properties. Taking into account a po-
tential mass growth due to baryonic accretion, in par-
ticular, would lead to somewhat stronger bounds, while
assuming a shallower profile (as expected for later col-
lapse) would result in slightly weaker constraints. For a
more detailed discussion of these aspects, we refer to the
Appendix.

Before concluding, let us briefly discuss further, com-
plementary probes of the small-scale power spectrum.
To start with, microlensing is e”ective when the phys-
ical size of the lens is smaller than the Einstein radius
R

(90)
UCMH ↑ RE,max =

√
GMDS/c

2, where DS is the dis-
tance to the source and M the lens mass. For Galactic
microlensing, this formally implies M > 1017 M→, i.e. far
above the entire Galaxy’s mass. This explains why there
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reality, inflation ends at some finite time, and the approximation (60) although valid at early times,

breaks down near the end of inflation. So the surface ⌧ = 0 is not the Big Bang, but the end of

inflation. The initial singularity has been pushed back arbitrarily far in conformal time ⌧ ⌧ 0, and

light cones can extend through the apparent Big Bang so that apparently disconnected points are

in causal contact. In other words, because of inflation, ‘there was more (conformal) time before

recombination than we thought’. This is summarized in the conformal diagram in Figure 9.

6 The Physics of Inflation

Inflation is a very unfamiliar physical phenomenon: within a fraction a second the universe grew

exponential at an accelerating rate. In Einstein gravity this requires a negative pressure source or

equivalently a nearly constant energy density. In this section we describe the physical conditions

under which this can arise.

6.1 Scalar Field Dynamics

reheating

Figure 10: Example of an inflaton potential. Acceleration occurs when the potential energy of

the field, V (�), dominates over its kinetic energy, 1

2
�̇
2. Inflation ends at �end when the

kinetic energy has grown to become comparable to the potential energy, 1

2
�̇
2 ⇡ V . CMB

fluctuations are created by quantum fluctuations �� about 60 e-folds before the end of

inflation. At reheating, the energy density of the inflaton is converted into radiation.

The simplest models of inflation involve a single scalar field �, the inflaton. Here, we don’t

specify the physical nature of the field �, but simply use it as an order parameter (or clock) to

parameterize the time-evolution of the inflationary energy density. The dynamics of a scalar field

(minimally) coupled to gravity is governed by the action

S =

Z
d4

x
p

�g


1

2
R +

1

2
g
µ⌫

@µ� @⌫� � V (�)

�
= SEH + S� . (61)

The action (61) is the sum of the gravitational Einstein-Hilbert action, SEH, and the action of a

scalar field with canonical kinetic term, S�. The potential V (�) describes the self-interactions of the

31

Scalar with ~flat potential drives exponential expansion

Solves many problems

Horizon problem

Flatness problem

Monopole problem

Sets initial conditions

Inflaton fluctuations
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6 Initial Conditions from Inflation

Arguably, the most important consequence of inflation is the fact that it includes a natural

mechanism to produce primordial seeds for all of the large-scale structures we see around us.

The reason why inflation inevitably produces fluctuations is simple: as we have seen in Chapter 2,

the evolution of the inflaton field �(t) governs the energy density of the early universe ⇢(t) and

hence controls the end of inflation. Essentially, the field � plays the role of a local “clock”

reading o↵ the amount of inflationary expansion still to occur. By the uncertainty principle,

arbitrarily precise timing is not possible in quantum mechanics. Instead, quantum-mechanical

clocks necessarily have some variance, so the inflaton will have spatially varying fluctuations

��(t,x) ⌘ �(t,x) � �̄(t). There will hence be local di↵erences in the time when inflation ends,

�t(x), so that di↵erent regions of space inflate by di↵erent amounts. These di↵erences in the

end reheatinginflation

Figure 6.1: Quantum fluctuations ��(t,x) around the classical background evolution �̄(t). Regions acquir-
ing a negative fluctuations �� remain potential-dominated longer than regions with positive ��. Di↵erent
parts of the universe therefore undergo slightly di↵erent evolutions. After inflation, this induces density
fluctuations �⇢(t,x).

local expansion histories lead to di↵erences in the local densities after inflation, �⇢(t,x), and

ultimately in the CMB temperature, �T (x). The main purpose of this chapter is to compute this

e↵ect. It is worth remarking that the theory wasn’t engineered to produce the CMB fluctuations,

but their origin is instead a natural consequence of treating inflation quantum mechanically.

6.1 From Quantum to Classical

Before we get into the details, let me describe the big picture. At early times, all modes of

interest were inside the horizon during inflation (see fig. 6.2). On small scales fluctuations in the

inflaton field are described by a collection of harmonic oscillators. Quantum fluctuations induce

a non-zero variance in the amplitudes of these oscillators

h|��k|2i ⌘ h0||��k|2|0i . (6.1.1)
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Scalar modes measured with CMB/LSS 
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ns = 0.9649± 0.0042

What is the physics of inflation?
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Figure 6. Theoretical predictions for the temperature (black), E-mode (red), and tensor B-mode (blue)
power spectra. Primordial B-mode spectra are shown for two representative values of the tensor-to-scalar
ratio: r = 0.001 and r = 0.05. The contribution to tensor B modes from scattering at recombination peaks
at ` ⇠ 80 and from reionization at ` < 10. Also shown are expected values for the contribution to B
modes from gravitationally lensed E modes (green). Current measurements of the B-mode spectrum are
shown for BICEP2/Keck Array (light orange), POLARBEAR (orange), and SPTPol (dark orange). The
lensing contribution to the B-mode spectrum can be partially removed by measuring the E and exploiting
the non-Gaussian statistics of the lensing.

2.3 Sensitivity forecasts for r

Achieving the CMB-S4 target sensitivity of �(r) ⇠ 10�3 will require exquisite measurements of the B-mode
power spectrum. It is expected that CMB-S4 will target the degree-scale recombination feature rather than
the tens-of-degree-scale reionization feature (see Fig. 6), because these largest scales are di�cult to access
from the ground due to atmosphere and sidelobe pickup (though some Stage-3 ground-based experiments
are attempting this measurement, notably CLASS [24]).

As can be seen from Fig. 6, the first requirement for this level of sensitivity to r is a substantial leap forward
in raw instrument sensitivity. For ground-based bolometric detectors, which are individually limited in
sensitivity by the random arrival of background photons, this means a large increase in detector count. The
forecasts in this section use a baseline of 250,000 detectors operating for four years (or 106 detector years),
dedicated solely to maximizing sensitivity to r. It will be necessary to split this total e↵ort among many
electromagnetic frequencies, to separate the CMB from polarized Galactic foregrounds. The forecasts here
assume eight frequency bands, ranging from 30 to 270 GHz. Contamination from gravitationally lensed E
modes must also be mitigated. While a precise prediction for the cosmological mean of the lensing B-mode
power spectrum can be made and subtracted from the observed spectrum, there will be a sample variance
residual between this prediction and the real lensing B modes on a particular patch of sky. To suppress
this sample variance, it will be necessary to “delens” the B-mode maps with a prediction for the lensing
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ACT Collaboration 2503.14454

tensor/scalar ratio (proxy for energy scale of inflation)

What is the shape of the inflation potential?
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4.4. Tensor modes and constraints on inflation models

Tensor perturbations, for example in the form of pri-
mordial gravitational waves predicted by inflation mod-
els (see, e.g., Kamionkowski & Kovetz 2016 for a review),
add power on very large scales in the CMB T/E angular
power spectra and generate a unique large-scale B-mode
polarization signal not measured by ACT. However, the
full behavior of the primordial perturbations depends
on the ratio/co-existence of tensor and scalar modes,
with the latter measured by ACT small-scale data via
ns. Here, we study how the updated measurement of ns

presented in L25 a!ects constraints on inflation models.
The modeling of tensor perturbations is similar to

that used for scalars, Pt(k) = At(k/k→)nt , and is usu-
ally quantified by the tensor-to-scalar ratio parameter,
r = Pt(k→)/PR(k→). Here we set nt via the inflationary
consistency relation, nt = →r/8. Constraints on r and
ns can be directly related to the potential slow-roll pa-
rameters of inflation, ωV and εV , which are determined
by the shape of the inflaton potential, as

ωV ↑ MPl
2

2

(
V,ω

V

)2

,

εV ↑ MPl
2

(
V,ωω

V

)
, (7)

where MPl is the Planck mass, V (ϑ) is the inflaton po-
tential, and V,ω and V,ωω are its first and second deriva-
tives. These parameters respectively describe the steep-
ness and curvature of the inflaton potential, and they
relate to the power spectrum parameters as

r = 16ωV ,

ns → 1 = 2εV → 6ωV . (8)

To derive new results in the r → ns plane presented
in Fig. 10, we vary r in the range [0, 1] and we include
B-mode measurements from the BICEP and Keck tele-
scopes at the South Pole, which have jointly accumu-
lated more than fifteen years of observations of CMB po-
larization at degree scales. Their measurements of CMB
B-modes are the most precise to date in the field (Ade
et al. 2021, BK18) and completely drive the upper limit
on r, which (combined with ns from Planck) strongly
excludes monomial inflation models with convex poten-
tials. The inclusion of ACT data shows a preference for
a slightly higher value of ns, indicated by the purple
contour shifting to the right of the orange contour in
Fig. 10, and gives r < 0.038 (95%, P-ACT-LB-BK18).
As a consequence, P-ACT can accommodate power-law
inflation models with slightly higher power-law indices
than those preferred by Planck alone (assuming 50–60 e-
folds of inflation), i.e., power-law models that are closer

Figure 10. Constraints on the scalar and tensor primor-
dial power spectra at k→ = 0.05 Mpc↑1, shown in the r → ns

parameter space. The constraints on r are driven by the
BK18 data, while the constraints on ns are driven by Planck

(orange), ACT (blue), or P-ACT (purple). The combined
dataset also includes CMB lensing and BAO in all cases.
The various circles and solid lines in between the gray band
show predictions for di!erent power-law potentials with the
number of e-folds of inflation 50 < N < 60, while the solid
black line shows the separation between convex- and concave-
shaped potentials. The Starobinsky R

2 model is also shown
for 50-60 e-folds (dashed navy line); the P-ACT-LB measure-
ment of ns disfavors this model at ↭ 2ω, for 50 < N < 60.

to a linear potential and hence possess a second deriva-
tive closer to zero. On the contrary, the Starobinsky R2

inflation model (Starobinsky 1980; Starobinskij 1992),
which predicts lower values of ns, is more disfavored
and lies on the 2ϖ boundary of P-ACT-LB.

The constraints on the slow-roll parameters are shown
in Fig. 11, with BK18 determining ωV and ACT adding
to the constraint on εV . The slight preference for a
higher ns value implies a value of εV closer to zero,

εV =(→95+23

↑30
) ↓ 10↑4 (68%, P-ACT-LB-BK18) , (9)

and thus implies a preference for a slightly less concave
inflaton potential.

The inclusion of running of the spectral index of scalar
perturbations does not significantly change these results.

5. PRE- AND MODIFIED-RECOMBINATION
PHYSICS

5.1. Early dark energy

The early dark energy (EDE) extension to ”CDM in-
troduces a new field that acts to accelerate the expan-
sion of the universe prior to recombination, reducing



“Tensor fluctuations are a prime target for future observations of the  
cosmic microwave background, because if detected they can provide a  
conclusive verification of the theory of inflation and a unique  
tool for exploring the details of this theory”  

                       — Flauger & Weinberg

astro-ph/0703179

Is inflation the only possible source of B-modes?



 First order phase transition   
     Proceeds through bubble nucleation 
     GW from bubble collisions, sound waves, turbulence… 

Characteristic parameters  
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ω→1 = duration
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B-modes from late-time phase transitions
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Hubble, ω/H > 1 and xf → xi = xf (H/ω), so Eqs. (28)
and (29) satisfy

Aij ↑
x
2
f

ω/H
, Bij ↑

x
3
f

(ω/H)2
. (37)

Since xf ↓ 1 in the super-horizon limit, we generically
have Aij ↔ Bij .7 Furthermore, just after the super-
horizon mode has acquired its maximum value, the terms
in Eq. (27) become

Aij

sin(x → xf )

x
↗ Aij , Bij

cos(x → xf )

x
↗

Bij

x
, (38)

so only the first term of Eq. (27) survives in this limit
and h

ini
ij

= Aij . Thus, using x = kε and approximating
the initial amplitude as

h
ini
ij
(ϑk) ↘ 8ϖGa

2
→ε→

∫
ωf

ωi

dε cos[k(εf → ε)]!ij(ε,ϑk) , (39)

we can now safely apply the transfer function using
Eq. (12) to track the subsequent evolution of super-
horizon modes.

To obtain the super-horizon power spectrum, we com-
bine Eqs. (39) and (13) to obtain

Ph↘32ϖ2
G

2
a
4
→ε

2
→

∫
ωf

ωi

dε1

∫
ωf

ωi

dε2 cos[k(ε1→ε2)]!(ε1, ε2, k), (40)

which depends on the same double integral from Eq. (35).
Thus, using the definition of ” from Eq. (32), we can
write the dimensionless power spectrum as

Ph(k) = 3ϱ2

(
ς

1 + ς

)2 (
H→
ω

)2

”

(
k

a→ω

)
, (41)

where we have used the fact that H→ = 1/ε→ in radiation
domination. Deep in the super-horizon regime x ↓ 1,
the fitting formula of Eq. (33) can be approximated as
” ↘ 0.352(k/a→ω)3 to yield

Ph(k) ↘ 1.1ϱ2

(
ς

1 + ς

)2 (
H→
ω

)5

(kε→)
3
, (42)

which exhibits the characteristic k3 scaling for causality-
limited modes with wavelengths (and periods) much
larger than the spatial (and temporal) correlations of the
source [29, 71, 72]. For such modes, the power spectrum
is simply white noise and gets sharply suppressed since
(kε→) ↓ 1 outside the horizon.

Full Spectrum: Intuitively, power spectrum peaks at
the maximum bubble size, which is somewhat smaller

7
Note that for ω/H→ → 1, xi and xf are comparable, so the

second term in Eq. (28) dominates over Bij/xf . Thus, we omit

this term in the scaling expression for Aij in Eq. (37).
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FIG. 1: Tensor power spectra corresponding to two
sample cosmological phase transitions. We plot Ph(k)
as given by Eq. (50) for two benchmarks with ϱ = 1,
ω/H→ = 2, φb = 10↑2, and {T→,ς} = {1 eV, 3 ≃ 10↑5

}

(solid green) and {3 keV, 5 ≃ 10↑2
} (solid red). Note

that these parameters are compatible with other limits
on cosmological phase transitions, although such limits
are model-dependent and vary depending on the
post-transition equation of state – see Appendix B for a
discussion. We also compare with the inflationary
prediction for tensor-to-scalar ratio r = 10↑3 (dashed
blue), which is within the projected sensitivity of
CMB-S4 [73]. The gray shaded region corresponds to
multipoles 1 < ↼ < 2500 and denotes the linear regime
probed by primary CMB anisotropy measurements.

than the horizon. More concretely, the condition for a
mode to be “bubble-sized” is kε→ ⇐ ω/H→, so we expect
kp ⇐ (ω/H→)ε↑1

→ . A more rigorous calculation in Ref. [55]
finds

kp ↘ 1.24

(
ω

H→

)
ε
↑1
→ . (43)

The expression in Eq. (36) governs the power spectrum
in the sub-horizon regime for k ↭ kp and Eq. (42) gov-
erns the deep super-horizon regime, where k ↓ kp. How-
ever, the intermediate regime exhibits greater theoretical
uncertainty, so here we parameterize our ignorance by
defining a “breaking scale”

kb ⇒ φbkp , φb ↓ 1 , (44)

where the k
3 super-horizon scaling breaks down.

Outside this region of uncertainty, the tensor power
spectrum is

Ph(k) =






1.1ϱ2
(

ε

1+ε

)2 (
H→
ϑ

)5
(kε→)

3
k ⇑ kb ,

0.33ϱ2
(

ε

1+ε

)2 (
H→
ϑ

)
(kε→)

↑3
k ⇓ kp .

(45)

and for kb ⇑ k ⇑ kp there is an intermediate region cor-
responding to modes which are sub-horizon, but super-
bubble. For these modes, we model the spectrum as a
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FIG. 2: Top Left: B-mode polarization spectra for the green phase transition benchmark of Fig. 1 (solid green)
and a minimal inflationary model with r = 0.001 (dashed blue). Note that lensing has been removed. Bottom

Left: Ratio of B-mode signals from these sources. Right: Same as the left panel, but for the red benchmark of
Fig. 1. We compare this prediction with that of an inflationary scenario with r = 10→4, chosen to match the
projected sensitivity of CMB-S4 [73].

power law

P
int
h

(k) = Ak
m
, (46)

whose slope and amplitude satisfy

m =
log

(
P

p

h
/P

b

h

)

log (kp/kb)
, A =

P
b

h

k
m

b

, (47)

in order to match the boundary values

P
p

h
→ Ph(kp) = 0.17ω2

(
ε

1 + ε

)2 (
H↑
ϑ

)4

, (48)

P
b

h
→ Ph(kb) = 2.1ω2

(
ε

1 + ε

)2 (
H↑
ϑ

)2

ϖ
3
b
, (49)

where we have used the definitions of kp and kb in terms
of ϱ↑ and ϖb. Thus, the full tensor power spectrum is

Ph(k) =






1.1ω2
(

ω

1+ω

)2 (
H→
ε

)5
(kϱ↑)

3
k ↑ kb ,

P
int
h

(k) kb ↑ k ↑ kp ,

0.33ω2
(

ω

1+ω

)2 (
H→
ε

)
(kϱ↑)

→3
k ↓ kp ,

(50)
which we plot in Fig. 1 for two sample benchmarks.

IV. NUMERICAL RESULTS

In Figs. 2 and 3, we show the angular B-mode power
spectrum

D
BB

ϑ
→

ς(ς+ 1)

2φ
T

2
0C

BB

ϑ
, (51)

for various phase transition and inflationary scenarios.
For illustrative purposes, we exclude the predicted lens-
ing signal from all predictions to highlight the intrinsic

shape di!erences between these sources. Note that the
lensing signal is a foreground e!ect that impacts both
models in a similar way [74–85].
The curves in these figures are computed using the

Boltzmann solver CLASS [59]. In particular for the phase
transition signal, we utilize the external-pk module
with the custom primordial tensor power spectrum from
Eq. (50). We then compute the transfer functions CLASS
using the Einstein-Boltzmann equations and the polar-
ization source functions. These outputs, combined with
the primordial tensor power spectrum, are then used to
evaluate the line-of-sight and k-space integrals to obtain
the C

BB

ϑ
spectrum.

The bottom panels of Fig. 2 show the ratio of the
phase transition and inflationary B-mode predictions,
highlighting their distinct spectral shapes. Notably, the
phase transition spectra peaks at much higher multipoles
ς ↔ 1000 compared to inflationary predictions, which
peak around ς ↔ 100 (corresponding to recombination).
The scaling behavior for the curves in this figure can be

understood from the definition of CBB

ϑ
in Eq. (9) and the

shape of the power spectrum for each scenario. The do-
main of support for the function Fϑ(k) in Eq. (9) roughly
corresponds to the gray “CMB sensitivity” region in
Fig. 1. This function peaks around k ↔ 0.01Mpc→1, de-
creases slowly on larger scales, and decreases very quickly
on smaller scales.
The inflationary power spectrum is nearly scale in-

variant, Ph(k) ↔ k
0, so the dominant contribution to

the integral in Eq. (9) comes from modes in the vicin-
ity of the peak in Fϑ(k). In particular by using the ap-
proximation ς ↔ kϱ0, one can show that the peak at
k ↔ 0.01Mpc→1 roughly corresponds to a maximal B-
mode signal at ς ↔ 100, consistent with Fig. 2.

By contrast, the phase transition signal exhibits maxi-
mal power on smaller scales k > 0.01Mpc→1 and becomes

Tensor power spectrum B-mode angular spectrum

PTs can compete with inflationary predictions for viable inputs
Discovery at a single multipole is not “smoking gun” for inflation

<latexit sha1_base64="Z2ev7U9t7OgSI4AlnbCyd7lA8EU=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4se6KVI9FL16ECvYD2m3Jptk2NMkuSVYpS/+HFw+KePW/ePPfmLZ70NYHA4/3ZpiZF8ScaeO6387S8srq2npuI7+5tb2zW9jbr+soUYTWSMQj1QywppxJWjPMcNqMFcUi4LQRDG8mfuORKs0i+WBGMfUF7ksWMoKNlTrDs7YS6C4mnfTUG3cLRbfkToEWiZeRImSodgtf7V5EEkGlIRxr3fLc2PgpVoYRTsf5dqJpjMkQ92nLUokF1X46vXqMjq3SQ2GkbEmDpurviRQLrUcisJ0Cm4Ge9ybif14rMeGVnzIZJ4ZKMlsUJhyZCE0iQD2mKDF8ZAkmitlbERlghYmxQeVtCN78y4ukfl7yyqXy/UWxcp3FkYNDOIIT8OASKnALVagBAQXP8ApvzpPz4rw7H7PWJSebOYA/cD5/AHREkdo=</latexit>
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FIG. 3: Color map of B-mode power spectra predictions
for various T→ assuming ω = 1, ε/H→ = 2, and ϑ = 0.05.
The solid black curve is the inflationary prediction for
r = 0.036, which saturates current BICEP limits [86].
The dotted black curve is the inflationary prediction for
r = 10↑4, corresponding to CMB-S4 sensitivity
projections [73].

sharply suppressed on large scales since Ph(k) → k
3 in the

infrared tail. Thus, the dominant contribution to the in-
tegral in Eq. (9) comes from these larger k values, despite
the competing suppression in Fω(k) at large values of k.

For the T→ = 1 eV benchmark, the peak power in Ph(k)
is only at slightly smaller scales kp ↑ 0.03Mpc↑1, so the
B-mode spectrum in the left panel of Fig. 2 peaks at
only slightly higher multipoles (ϖ ↑ 120) relative to the
inflationary prediction. Note also that for this bench-
mark, the integral in Eq. (9) receives Ph(k) contributions
from all three regions in Eq. (50). These distinct regions
give rise to noticeable features in the angular power spec-
trum D

BB

ω
for the phase transition predictions; such fea-

tures do not appear for the inflationary curves. This
phenomenon can also be seen in the high-ϖ behavior of
the low-T→ contours near the top of Fig. 3.

For the T→ = 3keV benchmark, the tensor power
spectrum peaks at significantly smaller scales around
kp ↑ 100Mpc↑1, so D

BB

ω
peaks at significantly higher

multipoles ϖ ↑ 1000. From Fig. 1, we see that now D
BB

ω

only receives contributions from the super-horizon tail.
Because Ph(k) → k

3 in this regime, the net e!ect on the
B-mode spectrum is a suppression of power at small ϖ
and an enhancement at high ϖ relative to the the (nearly)
scale invariant Ph → k

0 inflationary prediction, as shown
in the right panel of Fig. 2.

V. A COMPLEMENTARY GW SIGNAL

The tensor perturbations sourcing CMB B-mode po-
larization also result in a stochastic GW background that
o!ers a complementary signal of our scenario. The rel-
ative energy density in GWs per logarithmic frequency

interval is quantified by the spectral density parameter

”GW =
1

ϱtot

dϱGW

d ln k
. (52)

At the time of the phase transition ς→, the energy density
in GWs is

ϱ
→
GW =

1

8φGa2→

〈
h
↓
ij
(ς→, ↼x)h

↓
ij
(ς→, ↼x)

〉
, (53)

where the real-space correlation function can be ex-
pressed as

〈
h
↓
ij
(ς, ↼x)h↓

ij
(ς, ↼x)

〉
=

∫
d ln kPh→(ς, k) , (54)

where Ph→(k) is the dimensionless power spectrum of the
derivative of the tensor perturbation with respect to con-
formal time ς . In calculating Ph→(k), there is no longer
the subtlety with super-horizon modes encountered be-
fore, since the initial condition for the derivative of the
field amplitude is non-vanishing. Thus we may sim-
ply compute h

↓
ij

from Eq. (25), evaluate at ςf to define

(h↓
ij
)ini ↓ h

↓
ij

∣∣
εf
, compute the power spectrum, and sub-

stitute into the expressions above to find the following
spectral density at the time of the phase transition

”→
GW = ω

2

(
ϑ

1 + ϑ

)2 (
H→
ε

)2

#

(
2φf→
ε

)
, (55)

where as a last step we have introduced the physical
frequency f , related to the comoving wavenumber as
k = 2φaf .
To extract the present-day GW signal, we redshift the

frequency as f0 = f→ (a→/a0) and the energy density as
ϱ
0
GW = ϱ

→
GW (a→/a0)

4, where entropy conservation gives

a→
a0

=

[
gϑ,s(T0)

gϑ,s(T→)

]1/3
T0

T→
, (56)

so the spectral density today is

”GWh
2

↔ 4 ↗ 10↑5
ω
2
ϑ
2

(
H→
ε

)2

#

(
2φf0
a→ε

)
, (57)

where we have normalized a0 = 1 and taken gϑ(Tϑ) =
3.36 and gϑ,s(Tϑ) = 3.91, since we focus on late-time
phase transitions.
In Fig. 4, we show sample ”GW predictions for the

phase transition and inflationary scenarios, presented
alongside the CMB constraints from Ref. [87]. Note
that the precise location of the CMB limit from B-
modes is model dependent, as translating sensitivity from
D

BB

ω
to ”GW depends on the power spectrum of the

source. Notice also that the phase transition and infla-
tionary lines cross around f ↑ 10↑17 Hz, corresponding
to k ↑ 0.01Mpc↑1. This is exactly as we would expect,
given that these benchmarks lead to similar maximal am-
plitudes in the B-mode polarization spectrum.

B-modes from late-time phase transitions

Shape enhanced over inflation on small scales, suppression on large
No “reionization bump” for phase transitions or other “causal sources”
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Summary

Obligatory “in your face” problems 

Hierarchy Problem, Cosmological Constant, Flavor, Inflation 

Dark Matter, Baryogenesis, Density Perturbations, Neutrino Masses 

SM puzzles begging for a deeper explanation

Nature knows the answers, but we don’t

New probes on various scales essential for future progress

This is an era of broader priors — must cast a wide net!

Accelerators: future colliders, B-factories, fixed-targets
Strong complementarity with cosmic and astrophysical probes

H0 tension, DESI, Galactic Center Excess, B-decay anomalies
Tensions in data may indicate new physics 
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